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ABSTRACT 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of hea t  t r a n s f e r  to h e m i s p h e r e s  wi th  
both c a t a l y t i c  and n o n c a t a l y t i c  s u r f a c e s  in n o n e q u i l i b r i u m  d i s s o c i a t e d  
h y p e r s o n i c  n i t r o g e n  f low h a s  been  conducted .  The  wind tunne l  f low con-  
d i t i ons  p r o v i d e d  low R e y n o l d s  n u m b e r s ,  a l l o wing  the a s s u m p t i o n  of 
c o m p l e t e l y  f r o z e n  shock  and b o u n d a r y  l a y e r s  whi le  i n t r o d u c i n g  the in -  
f l u e n c e s  of s e c o n d - o r d e r  b o u n d a r y  l a y e r  e f f e c t s  such  as  v o r t i c i t y  i n t e r -  
ac t ion .  The  r e s u l t s  fo r  c o p p e r  s u r f a c e s ,  when c o r r e l a t e d  u s i n g  the 
s t a g n a t i o n  point  heat  t r a n s f e r  equa t ion  of R o s n e r  t o g e t h e r  wi th  L e e s '  
hea t  t r a n s f e_  ~ d i s t r i b u t i o n ,  a r e  in good a g r e e m e n t  wi th  the  s e c o n d - o r d e r  
t h e o r y  of Cheng  u n d e r  the  a s s u m p t i o n  of c o m p l e t e  s u r f a c e  r e c o m b i n a t i o n  
of a t o m s .  R e d u c t i o n s  in hea t  t r a n s f e r  r a t e  up to 30 p e r c e n t  w e r e  ob ta ined  
wi th  the  use  of n o n c a t a l y t i c  c o a t i n g s  app l i ed  to the p r o b e s .  

, iii 
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SECTION I 
INTRODUCTION 

It has  b e e n  i~ecognized f o r  s o m e  t i m e  tha t  a body  t r a v e l i n g  at hyper- 
sonic speeds through the upper atmosphere may experience a mechanism 
of hea t  t r a n s f e r  o t h e r  than  the  p u r e l y  m o l e c u l a r  hea t  c o n d u c t i o n  p r o c e s s  
of c o n v e n t i o n a l  f lu id  m e c h a n i c s .  Th i s  wi l l  o c c u r  when  the s h o c k  wave  
a h e a d  of a body c o n v e r t s  a p o r t i o n  of the  f l igh t  k i n e t i c  e n e r g y  into the 
c h e m i c a l  e n e r g y  of d i s s o c i a t i o n  of the a i r  m o l e c u l e s .  In th i s  even t ,  two 
d r i v i n g  m e c h a n i s m s  fo r  hea t  t r a n s f e r  to the  body  b e c o m e  a p p a r e n t ;  the 
t e m p e r a t u r e  g r a d i e n t  a c r o s s  the b o u n d a r y  l a y e r  and the  c o n c e n t r a t i o n  
g r a d i e n t  of a t o m s  wi th in  the  b o u n d a r y  l a y e r .  The  r e l a t i v e  i m p o r t a n c e  of 
t h e s e  two m e c h a n i s m s  in f ix ing  the a m o u n t  of hea t  t r a n s f e r  w h i c h  wi l l  
o c c u r  is d e t e r m i n e d  by the c o n d i t i o n s  wi th in  the b o u n d a r y  l a y e r  and  at  
the  body s u r f a c e .  

If the b o u n d a r y  l a y e r  f low p r o p e r t i e s ,  p a r t i c u l a r l y  the  dens i ty ,  a r e  
s u c h  tha t  the c h a r a c t e r i s t i c  t i m e  r e q u i r e d  f o r  a t o m  r e c o m b i n a t i o n  is  v e r y  
m u c h  s m a l l e r  than  the  t i m e  r e q u i r e d  fo r  a t o m  d i f fu s ion  a c r o s s  the bound-  
a r y  l a y e r ,  then  the e q u i l i b r i u m  b o u n d a r y  l a y e r  ex i s t s ,  in w h i c h  the  r e -  
c o m b i n a t i o n  is c o m p l e t e d  b e f o r e  the  a t o m s  c a n  d i f fuse  to the  co ld  s u r f a c e .  
In the  o t h e r  e x t r e m e ,  the " f r o z e n "  b o u n d a r y  l a y e r  c a s e ,  the c h a r a c t e r i s t i c  
t i m e  f o r  a t o m  r e c o m b i n a t i o n  is so l a r g e  tha t  no r e c o m b i n a t i o n  can  o c c u r  
b e f o r e  the  a t o m s  have  d i f fu sed  to the s u r f a c e .  In t h e s e  r e g i m e s ,  and in 
the i n t e r m e d i a t e  r e g i m e  w h e r e  the c h a r a c t e r i s t i c  t i m e s  f o r  d i f fus ion  and 
r e c o m b i n a t i o n  a r e  of c o m p a r a b l e  o r d e r  of m a g n i t u d e ,  the d i m e n s i o n l e s s  
c o m b i n a t i o n  of p r o p e r t i e s  known as the L e w i s  n u m b e r  is of p a r t i c u l a r  
i m p o r t a n c e .  

T h e  d i m e n s i o n l e s s  g r o u p  p Cp D/k ,  c o m m o n l y  c a l l e d  the L e w i s  num'-  
b e r ,  a r i s e s  as  a m a t t e r  of c o n v e n i e n c e  in the  a n a l y s i s  of c o n v e c t i v e  hea t  
t r a n s f e r  f r o m  d i s s o c i a t e d  g a s e s .  It r e p r e s e n t s  the  r a t i o  of the  d i f fu s iv i t y  
of d i s s o c i a t e d  a t o m s  to the  t h e r m a l  d i f f u s i v i t y  of hea t  by c o n d u c t i o n .  F o r  
s i m i l a r  p r o f i l e s  of t e m p e r a t u r e  and a t o m  c o n c e n t r a t i o n  a c r o s s  the bound-  
a r y  l a y e r ,  and f o r  a g iven  to ta l  e n t h a l p y  at the  edge  of the  b o u n d a r y  l a y e r ,  
the  hea t  t r a n s f e r  r a t e  is s t r i c t l y  d e p e n d e n t  upon  the e n t h a l p y  d i f f e r e n c e  
when  L e  = I, r e g a r d l e s s  of the  p r o p o r t i o n  of the  e n t h a l p y  g r a d i e n t  a s s o -  
c i a t e d  wi th  a t e m p e r a t u r e  g r a d i e n t  o r  an a t o m  c o n c e n t r a t i o n  g r a d i e n t .  
F o r ,  wi th  L e  = I, e n e r g y  wi l l  be t r a n s p o r t e d  a c r o s s  the  b o u n d a r y  l a y e r  by 
both  c o n d u c t i o n  and a t o m  d i f fus ion  at  the  s a m e  r a t e  p e r  uni t  t e m p e r a t u r e  
g r a d i e n t  o r  c o n c e n t r a t i o n  g r a d i e n t .  It wi l l  be  o b s e r v e d  tha t  in the  r e s t r i c -  
t ion  of s i m i l a r  p r o f i l e s  of t e m p e r a t u r e  and a t o m  c o n c e n t r a t i o n ,  the  c o n d i -  
t ion  of z e r o  a t o m  c o n c e n t r a t i o n  at the  so l id  s u r f a c e  is  a n a l a g o u s  to the  z e r o  
t e m p e r a t u r e  j u m p  cond i t i on .  
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F o r  the  m o r e  g e n e r a l  ca se ,  when the  L e w i s  n u m b e r  is  d i f f e r e n t  f r o m  
unity,  the hea t  t r a n s f e r  r a t e  is  no l o n g e r  s i m p l y  d e p e n d e n t  upon the  to ta l  
en tha lpy  d i f f e r e n c e  a c r o s s  the  b o u n d a r y  l a y e r .  The  g r e a t e r  a tom dif-  
fus ion  r a t e  a s s o c i a t e d  with a L e w i s  n u m b e r  g r e a t e r  than  uni ty  a u g m e n t s  
the  t r a n s p o r t  of e n e r g y  to the co ld  s u r f a c e ,  w h e r e a s  the s m a l l e r  a tom 
l i f f u s i o n  r a t e  a s s o c i a t e d  with a L e w i s  n u m b e r  l e s s  than  un i ty  r e t a r d s  the  
t r a n s p o r t  of e n e r g y  to the  s u r f a c e .  F o r  m o s t  p a r t i a l l y  d i s s o c i a t e d  
g a s e s  of a e r o d y n a m i c  i n t e r e s t ,  i nc lud ing  a i r ,  the L e w i s  n u m b e r  is  
s l i g h t l y  g r e a t e r  than  unity,  the  e f fec t  be ing  to i n c r e a s e  the hea t  t r a n s -  
f e r  ra te ,  say, on the o r d e r  of 10 p e r c e n t .  

The  p r e c e d i n g  s t a t e m e n t s  have  b e e n  conf ined  s t r i c t l y  to the c a s e  in-  
vo lv in g  s i m i l a r  t e m p e r a t u r e  and a tom c o n c e n t r a t i o n  p r o f i l e s ;  that  is, 
the a t o m  c o n c e n t r a t i o n  is z e r o  at the  co ld  s u r f a c e .  F o r  a p a r t i a l l y  o r  
c o m p l e t e l y  f r o z e n  b o u n d a r y  l a y e r ,  the  c a s e  of z e r o  a tom c o n c e n t r a t i o n  
at the  wal l  r e p r e s e n t s  the  l i m i t i n g  c a s e  of a s u r f a c e  which  is ful ly  ca t a -  
ly t ic  to a tom r e c o m b i n a t i o n ;  that  is, a l l  a t o m s  which  d i f fuse  to the  s u r -  
f ace  r e c o m b i n e  t h e r e ,  d e p o s i t i n g  t h e i r  c h e m i c a l  e n e r g y  on the  s u r f a c e .  
In g e n e r a l ,  a s u r f a c e  wil l  not  be ful ly  ca t a ly t i c .  T h e r e f o r e ,  s o m e  of Lhe 
a t o m s  which  r e a c h  the  s u r f a c e  wil l  not r e c o m b i n e  t h e r e ,  r e s u l t i n g  in a 
f in i te  a t o m  c o n c e n t r a t i o n  at the  s u r f a c e .  The  obvious  r e su l t ,  if the  
b o u n d a r y  l a y e r  is  p a r t i a l l y  o r  c o m p l e t e l y  f rozen ,  is that  a s u r f a c e  which  
is  not  fu l ly  ca t a ly t i c  wi l l  c ause  the hea t  t r a n s f e r  r a t e  to be r e d u c e d  be -  
c a u s e  of the  d e c r e a s e  in s u r f a c e  r e c o m b i n a t i o n  and the  r e s u l t i n g  d e c r e a s e  
in the  a t o m  c o n c e n t r a t i o n  g r a d i e n t .  The  cond i t i on  of c o m p l e t e l y  f r o z e n  
b o u n d a r y  l a y e r  and c o m p l e t e l y  n o n - c a t a l y t i c  s u r f a c e  r e p r e s e n t s  the  l o w e r  
l i m i t  on the  hea t  t r a n s f e r ,  w h e r e  the c h e m i c a l  con t r i bu t i on  is z e r o .  

The  l a m i n a r  hea t  t r a n s f e r  to the  s t agna t i on  r e g i o n  of a b l u n t - n o s e d  
body in h y p e r s o n i c  f low has  b e e n  t r e a t e d  t h e o r e t i c a l l y  by s e v e r a l  in-  
v e s t i g a t o r s  (Refs .  1 t h rough  6). L e e s  (Ref. 1) c o n s i d e r e d  only  the  equ i -  
l i b r i u m  b o u n d a r y  l a y e r  and the  c o m p l e t e l y  f r o z e n  b o u n d a r y  l a y e r  wi th  a 
fu l ly  ca t a ly t i c  s u r f a c e .  A p p r o x i m a t e ,  c l o s e d - f o r m  so lu t ions  fo r  t h e s e  
two c a s e s  w e r e  ob ta ined  f r o m  the b o u n d a r y  l a y e r  equa t i ons  s i m p l i f i e d  on 
the  b a s i s  of p h y s i c a l  a r g u m e n t s .  Fay  and Ridde l l  (Ref.  2) ob ta ined  nu-  
m e r i c a l  so lu t i ons  to the b o u n d a r y  l a y e r  equa t i ons  o v e r  h o m o g e n e o u s  (gas -  
phase )  r e c o m b i n a t i o n  r a t e s  f r o m  e q u i l i b r i u m  flow to f r o z e n  flow in the 
b o u n d a r y  l a y e r .  Again,  t h e s e  r e s u l t s  apply  only  fo r  the  l i m i t i n g  case  of 
a fu l ly  ca t a ly t i c  s u r f a c e .  

G o u l a r d  (Ref. 3) i n t e g r a t e d  the  f r o z e n  l a m i n a r  b o u n d a r y  l a y e r  equa -  
t ions  and ob ta ined  a so lu t ion  to the  s t agna t ion  heat  t r a n s f e r  p r o b l e m  with  
an a r b i t r a r y  d e g r e e  of ca t a ly t i c  ac t iv i ty  at the  s u r f a c e .  Th i s  was  done 
s i m p l y  by i n t r o d u c i n g  a c o r r e c t i o n  fac to r ,  ~, which  is  a func t ion  of the 
f low cond i t ions ,  nose  g e o m e t r y ,  and wal l  ca t a ly t i c  r e a c t i o n  r a t e  cons tan t ,  
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to account  fo r  the  r e a l i s t i c  cond i t ion  in which  the  a tom c o n c e n t r a t i o n  at 
the  wall  i s  not  z e r o .  R o s n e r  (Ref. 4) has s u g g e s t e d  an e x p r e s s i o n  f o r  
the  f r o z e n  bounda ry  l a y e r  s t agna t i on  hea t  t r a n s f e r  which  is qui te  s i m i -  
l a r  to the r e s u l t s  of both  G o u l a r d  and Fay  and Ridde l l ,  whi le  e m p l o y i n g  
a m o r e  c o n s i s t e n t  use  of the c o r r e c t i o n  fac to r ,  ~, when the  s u r f a c e  
t e m p e r a t u r e  cannot  be n e g l e c t e d .  Th i s  e x p r e s s i o n  is c o n s i d e r e d  in de -  
ta i l  in a l a t e r  s e c t i o n  of th i s  r e p o r t .  

S e v e r a l  o t h e r  au tho r s  have  t r e a t e d  a n a l y t i c a l l y  the p r o b l e m  of 
s t agna t i on  point  hea t  t r a n s f e r  in h y p e r s o n i c  flow. Chung and Liu  (Ref. 5) 
have  d e v e l o p e d  an a p p r o x i m a t e  a n a l y s i s  to p r e d i c t  the  hea t  t r a n s f e r  to a 
nonca t a ly t i c  s u r f a c e .  T h e i r  r e s u l t s  w e r e  then  g e n e r a l i z e d  to apply to 
s i m u l t a n e o u s  g a s - p h a s e  r e c o m b i n a t i o n  and s u r f a c e  ca t a ly t i c  r e c o m b i n a -  
t ion.  I nge r  (Ref. 6) has  a l so  p r e s e n t e d  an a p p r o x i m a t e  t h e o r y  of non-  
e q u i l i b r i u m  s t agna t ion  point  b o u n d a r y  l a y e r s  wi th  a tom r e c o m b i n a t i o n  
at the  s u r f a c e .  

N u m e r o u s  o t h e r  a u t h o r s  (Ref. 7) have  i n v e s t i g a t e d  v a r i o u s  f a c e t s  of 
the  e f fec t s  of c h e m i c a l  k i n e t i c s  in c o n v e c t i v e  hea t  t r a n s f e r .  - N e a r l y  al l  
of t h e s e  i n v e s t i g a t i o n s  have b e e n  of a t h e o r e t i c a l  na tu re ,  and the  p r i n -  
c i p l e s  invo lved  in the t h e o r y  a r e  wel l  u n d e r s t o o d .  In fact ,  Spauld ing  
(Ref. 8) has s t a t ed  that  "no m y s t e r i e s  now r e m a i n "  in  our  ab i l i t y  to p r e -  
dict  the  e f f ec t s  of c h e m i c a l  r e a c t i o n  on hea t  t r a n s f e r  f r o m  g a s e s .  

On the  o t h e r  hand,  the  v iew t aken  by the  p r e s e n t  w r i t e r  is that  t h e r e  
has  been  f a r  too l i t t l e  e x p e r i m e n t a l  v e r i f i c a t i o n  of the  e x i s t i n g  t h e o r i e s  
on hea t  t r a n s f e r  f r o m  c h e m i c a l l y  r e a c t i n g  g a s e s .  Th i s  l a c k  of v e r i f i c a -  
t ion  is  not s u r p r i s i n g  in v i ew  of the d i f f i cu l t i e s  i nvo lved  in m a k i n g  such  
m e a s u r e m e n t s .  

Rose  and S ta rk  (Ref. 9) have  r e p o r t e d  the  r e s u l t s  of shock  tube m e a s -  
u r e m e n t s  of s t agna t i on  point  hea t  t r a n s f e r  in d i s s o c i a t e d  a i r .  They  
ob ta ined  good a g r e e m e n t  with the  e q u i l i b r i u m  b o u n d a r y  l a y e r  t h e o r y  of 
Fay  and R idde l l  (Ref. 2). The f low cond i t ions  w e r e  such  that  any non-  
e q u i l i b r i u m  e f f ec t s  in the  b o u n d a r y  l a y e r  and at the  s u r f a c e ,  if p r e s e n t  
at all, w e r e  v e r y  s m a l l .  Bus ing  (Ref. 10) ob ta ined  shock  tube m e a s u r e -  
m e n t s  of the  s t agna t ion  point  hea t  t r a n s f e r  to both ca t a ly t i c  and n o n c a t a -  
lyr ic  wa l l s .  Al though h is  r e s u l t s  showed  a r e d u c t i o n  in hea t  t r a n s f e r  with 
the  nonca t a ly t i c  su r f ace ,  the  s i z e  of the  r e d u c t i o n  was not n e a r l y  as  l a r g e  
as expec t ed .  

The  d i f f e r e n t i a l  hea t  t r a n s f e r  to ca t a ly t i c  and nonca t a ly t i c  s u r f a c e s  
in a s t e a d y - s t a t e ,  s u p e r s o n i c  wind tunne l  was  m e a s u r e d  by R o s n e r  
(Ref. 11) and by W i n k l e r  and Gr i f f in  (Ref. 12). A s i z e a b l e  hea t  t r a n s f e r  
d i f f e r e n c e  was ob ta ined  in e a c h  i nves t i ga t i on .  T h e s e  e x p e r i m e n t s ,  

3 



AEDC.T R-65-127" 

however ,  we re  not d e s i g n e d  to a l low c o m p a r i s o n  of the r e s u l t s  wi th  an 
a p p r o p r i a t e  t h e o r y  fo r  hea t  t r a n s f e r .  

H a r t u n i a n  and T h o m p s o n  (Ref.  13) have  r e p o r t e d  p r e l i m i n a r y  m e a s -  
u r e m e n t s  of c a t a l y t i c  and n o n c a t a l y t i c  d i f f e r e n t i a l  hea t  t r a n s f e r  in a low 
d e n s i t y  shock  tube.  T h e i r  l a r g e  (17- in .  - d i a m )  shock  tube p e r m i t s  l a r g e r  
p r o b e s  and g r e a t e r  t e s t  t i m e s  than  a r e  u s u a l l y  p o s s i b l e  wi th  s m a l l e r ,  
low p r e s s u r e  shock  tubes .  

The  need  fo r  add i t i ona l  e x p e r i m e n t a l  da ta  on n o n e q u i l i b r i u m  hea t  
t r a n s f e r  wi th  s u r f a c e  c a t a l y s i s  is  c l e a r .  The  a v a i l a b l e  e x p e r i m e n t a l  
r e s u l t s  g e n e r a l l y  have  not been  c o m p a r e d  wi th  an a p p r o p r i a t e  t h e o r y  
( such  as  F a y - R i d d e l l ,  Ref.  2) fo r  p r e d i c t i n g  the a b s o l u t e  l e v e l  of hea t  
t r a n s f e r .  The  u sua l  p r o c e d u r e  has  been  s i m p l y  to show the  p e r c e n t a g e  
r e d u c t i o n  in hea t  t r a n s f e r  c a u s e d  by a n o n c a t a l y t i c  wal l ,  wi th  ~it t le con-  
c e r n  fo r  the  abs o lu t e  v a l u e s .  It is  f a i r  to s a y  tha t  m o s t  e x p e r i m e n t a l  
r e s u l t s  of n o n e q u i l i b r i u m  hea t  t r a n s f e r  to c a t a l y t i c  and n o n c a t a l y t i c  s u r -  
f a c e s  have  been  qua l i t a t i ve ,  not qua n t i t a t i ve .  

The  p u r p o s e  of th i s  r e p o r t  is  to p r e s e n t  quan t i t a t i ve  r e s u l t s  of an  
e x p e r i m e n t a l  i n v e s t i g a t i o n  of the  hea t  t r a n s f e r  to b lunt  bod ies ,  wi th  both 
c a t a l y t i c  &rid n o n c a t a l y t i c  s u r f a c e s ,  in n o n e q u i l i b r i u m  d i s s o c i a t e d  h y p e r -  
son ic  f low. T h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  in a s m a l l ,  con t inuous  

J ! 
flow, low d e n s i t y  h y p e r s o n i c  wind tunne l  in o p e r a t i o n  at  the yon K a r m a n  
Gas  D y n a m i c s  F a c i l i t y  (VKF).  

SECTION II 
FLOW CONDITIONS 

2.1 THE WIND TUNNEL 

The wind tunne l  u s e d  in t h i s  i n v e s t i g a t i o n  c o n s i s t s  of the  fo l lowing  
m a j o r  c o m p o n e n t s ,  in s t r e a m w i s e  o r d e r :  

1. D i r e c t  c u r r e n t  a r c - h e a t e r  ( T h e r m a l  D y n a m i c s  U-50) ,  wi th  40 -kw 
p o w e r  supply ;  

2. Se t t l i ng  s e c t i o n  of v a r i a b l e  s i z e  but n o r m a l l y  of 3- in .  d i a m  and 
6- to 10- in .  l eng th ;  

3. A e r o d y n a m i c  nozz l e  of v a r i a b l e  s i z e  wi th  0 . 1 0 -  to 0 . 7 5 - i n .  - d i a m  
t h r o a t  and 2 . 0 -  to 8 . 0 - i n .  - d i a m  exi t ;  

4. A tank  of 48 - in .  d i am s u r r o u n d i n g  the t e s t  s e c t i o n  and con t a in ing  
i n s t r u m e n t a t i o n  and p robe  c a r r i e r ;  

5. I n t e r c h a n g e a b l e  d i f f u s e r ;  

6. W a t e r - c o o l e d  hea t  e x c h a n g e r ;  
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7. A i r - e j e c t o r  of two s t a g e s ;  and 

8. The VKF m e c h a n i c a l  v a c u u m - p u m p i n g  s y s t e m .  

A p h o t o g r a p h  of t h e ' t u n n e l  is  p r e s e n t e d  as Fig .  1. 

S ince  th is  wind tunne l  is u s e d  to s tudy a e r o d y n a m i c  p r o b l e m s  of low 
dens i ty ,  h y p e r s o n i c  f lows,  it i s  n e c e s s a r y  that  the  tunne l  f low cond i t i ons  
be known with a h i g h e r  d e g r e e  of a c c u r a c y  than  is  c o m m o n  with  a r c -  
h e a t e d  f a c i l i t i e s  n o r m a l l y  u s e d  in hea t  t r a n s f e r  e x p e r i m e n t s .  A s u r v e y  
of s o m e  of the t e c h n i q u e s  u s e d  in f low c a l i b r a t i o n  and d i a g n o s i s  is  p r e -  
s e n t e d  in Refs .  14 and 15. T h e s e  t e c h n i q u e s  have b e e n  u s e d  in the  
p r e s e n t  i n v e s t i g a t i o n  to e s t a b l i s h  the  t e s t  s e c t i o n  f low cond i t i ons  wi th  
what  is  b e l i e v e d  to be a high d e g r e e  of a c c u r a c y .  

The  wind tunne l  is u s u a l l y  o p e r a t e d  wi th  n i t r o g e n  at r e s e r v o i r  p r e s -  
s u r e s  g r e a t e r  than  one a t m o s p h e r e  and at a t e s t  s e c t i o n  to ta l  e n t h a l p y  
c o r r e s p o n d i n g  to an e q u i l i b r i u m  t e m p e r a t u r e  of about 3000°K. It has  
b e e n  shown (Ref. 15) that  the  gas,  at th i s  p r e s s u r e  and en tha lpy ,  wi l l  
a p p r o a c h  t h e r m o d y n a m i c  e q u i l i b r i u m  u p s t r e a m  of the n o z z l e  t h r o a t  p r o -  
v i d e d  the  s e t t l i n g  c h a m b e r  is  of su f f i c i en t  l e n g t h  to a l low c o m p l e t e  
m i x i n g  and r e c o m b i n a t i o n  of the h igh ly  e n e r g e t i c  s p e c i e s  p r o d u c e d  by 
the  a rc  h e a t e r ,  w h e r e  t e m p e r a t u r e s  in e x c e s s  of t hose  r e q u i r e d  fo r  n i t r o -  
gen  d i s s o c i a t i o n  a r e  p r e s e n t .  T h e r e f o r e ,  the  n u m b e r  of n i t r o g e n  a t o m s  
in the t e s t  s e c t i o n  of the  nozz l e  is  n e g l i g i b l e  at the usua l  tunne l  o p e r a t i n g  
cond i t i ons .  Howeve r ,  when  the  t unne l  is o p e r a t e d  at a r e s e r v o i r  p r e s -  
s u r e  m u c h  l e s s  than one a t m o s p h e r e ,  t h e r e  is  an i n su f f i c i en t  n u m b e r  of 
c o l l i s i o n s  wi th in  the  r e s e r v o i r  to a l low c o m p l e t e  a t o m  r e c o m b i n a t i o n  
u p s t r e a m  of the n o z z l e  th roa t .  Hence ,  a s m a l l  f r a c t i o n  of the  t e s t  s e c t i o n  
f low wil l  be d i s s o c i a t e d  e v e n  when the a v e r a g e  t e m p e r a t u r e  is  wel l  be low 
the d i s s o c i a t i o n  l eve l ,  r e s u l t i n g  in a s i gn i f i can t  i n c r e a s e  in the to ta l  
en tha lpy  above the  e q u i l i b r i u m  value  (cf, Ref. 15). It is th i s  capab i l i ty ,  
t o g e t h e r  with the  r e f i n e d  c a l i b r a t i o n  p r o c e d u r e s  and the  f e a t u r e s  of con-  
t inuous  ope ra t ion ,  which  m a k e s  th i s  f ac i l i t y  a t t r a c t i v e  fo r  the  s tudy  of 
hea t  t r a n s f e r  in d i s s o c i a t e d  n o n e q u i l i b r i u m  flow. 

2.2 FLOW DIAGHOSIS 

A wide v a r i e t y  of f low cond i t ions  invo lv ing  n o n e q u i l i b r i u m  d i s -  
s o c i a t i o n  m a y  be ob ta ined  in Tunne l  L by p r o p e r  cho i ce  of the  n i t r o g e n  
f low ra te ,  to ta l  p r e s s u r e ,  s e t t l i n g  c h a m b e r  g e o m e t r y ,  and the n o z z l e  
t h r o a t  a r e a .  The f e a s i b i l i t y  of the p r e s e n t  i n v e s t i g a t i o n  was d e m o n -  
s . t rated in a b r i e f  p r e l i m i n a r y  i n v e s t i g a t i o n *  by the  p r e s e n t  au tho r  and 

~'These p r e l i m i n a r y  r e s u l t s  a r e  r e p o r t e d  as an e x a m p l e  in Ref.  16. 
T h e y  a r e  q u a l i t a t i v e l y  c o r r e c t ;  h o w e v e r ,  the  n u m e r i c a l  v a l u e s  m a y  be 
s l i g h t l y  r e v i s e d  in l ight  of the  p r e s e n t  e x p e r i m e n t s .  
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a c o l l e a g u e ,  J .  T. M i l l e r .  The  s a m e  f low c o n d i t i o n s  u s e d  in th i s  e a r l y  
i n v e s t i g a t i o n  w e r e  s e l e c t e d  fo r  the p r e s e n t  i n v e s t i g a t i o n .  The n i t r o g e n  
f low r a t e  was  15.2  l b m / h r  at a m e a s u r e d  r e s e r v o i r  p r e s s u r e  of 
3 .5  ps i a .  A s e t t l i n g  c h a m b e r  wi th  a d i a m e t e r  of 3 in. and n o m i n a l  
l eng th  of 8 in. was  u s e d .  The  a e r o d y n a m i c  n o z z l e  had  a t h r o a t  d i a m e t e r  
of 0. 397 in. and a c o n i c a l  e x p a n s i o n  s e c t i o n  wi th  a 15 -deg  h a l f - a n g l e .  

2.2.1 Total Enthalpy Measurements 

When the  t h e r m o - c h e m i c a l  f low c o n d i t i o n s  in a wind tunne l  n o z z l e  
a r e  not  known a p r i o r i ,  it  i s  t hen  i m p o s s i b l e  to c o m p u t e  the  to ta l  en-  
t ha lpy  of the  f low f r o m  the u s u a l  m e a s u r e d  q u a n t i t i e s  s u c h  as  m a s s  f low 
r a t e ,  t o t a l  p r e s s u r e ,  and  t h r o a t  a r e a .  The  i n v e s t i g a t o r  m u s t  t u r n  to a 
d i r e c t  m e a s u r e m e n t  of the  to ta l  e n t h a l p y  in the  t e s t  s e c t i o n .  

The  d e v i c e  u s e d  f o r  t h i s  m e a s u r e m e n t  in the  p r e s e n t  i n v e s t i g a t i o n  
is  the  t o t a l - e n t h a l p y  and  m a s s - f l o w  p r o b e  shown in F ig .  2. The  p r o b e  
c o n s i s t s  of two c o n c e n t r i c  w a t e r - c o o l e d  j a c k e t s ,  s e p a r a t e d  by an a i r  
s p a c e  to p r o v i d e  t h e r m a l  i n s u l a t i o n .  E a c h  j a c k e t  is  k n i f e - e d g e d  at the  
f r o n t  to m i n i m i z e  the  c o n t a c t  a r e a  f o r  hea t  c o n d u c t i o n  b e t w e e n  j a c k e t s  
and to p r o v i d e  the  p r o p e r  g e o m e t r y  to enab l e  the  bow s h o c k  to be 
" s w a l l o w e d "  when  the  p r o b e  is  p l a c e d  a x i a l l y  in the t e s t  s e c t i o n .  The  
f u n c t i o n  of the  i n s i d e  j a c k e t  is  to r e m o v e  e n e r g y  f r o m  the c a p t u r e d  
f low and de p os i t  t h i s  e n e r g y  in the  c o o l i n g  w a t e r ,  w h o s e  f low r a t e  and 
t e m p e r a t u r e  r i s e  a r e  m e a s u r e d .  The  to ta l  e n e r g y  c o n v e c t e d  into the 
c a l o r i m e t e r  is  t h e n  the  s u m  of the  e n e r g y  i n c r e a s e  in the coo l ing  w a t e r  
of the  i n t e r n a l  j a c k e t  and the  r e s i d u a l  e n e r g y  of the  gas  l e a v i n g  the 
c a l o r i m e t e r ,  as  m e a s u r e d  by a t h e r m o c o u p l e .  

The  to ta l  e n t h a l p y  of the n o z z l e  f low is o b t a i n e d  by d iv id ing  the  to ta l  
e n e r g y  c o n v e c t e d  into the  c a l o r i m e t e r  by the  m a s s  f low c a p t u r e d  by the  
c a l o r i m e t e r .  If the bow s h o c k  is  c o m p l e t e l y  s w a l l o w e d ,  the m a s s  f low 
r a t e  is  s i m p l y  the quan t i ty  p®U® t i m e s  the p r o b e  c a p t u r e  a r e a .  If the  
bow s h o c k  is  not  s w a l l o w e d ,  the  c a p t u r e d m a s s  f low r a t e  m u s t  be m e a s -  
u r e d  i n d e p e n d e n t l y .  

T h i s  p r o b e  was  d e s i g n e d  to a l l ow  an a c c u r a t e  m e a s u r e m e n t  of the 
c a p t u r e d  f low r a t e .  The  f low is d i r e c t e d  f r o m  the  p r o b e  to an e v a c u a t e d  
v e s s e l  of known v o l u m e .  The  f low r a t e  is d e t e r m i n e d  by o b s e r v i n g  the 
p r e s s u r e  r i s e  in the v e s s e l  d u r i n g  a m e a s u r e d  t i m e  i n t e r v a l .  The  de -  
t a i l s  of t h i s  p r o c e d u r e  have  b e e n  r e p o r t e d  in Ref .  14. The  m e a s u r e d  
f low r a t e  was  found to be u n c h a n g e d  when  the t i m e  i n t e r v a l  and the b a c k  
p r e s s u r e  w e r e  v a r i e d  o v e r  a wide  r a n g e ,  i n d i c a t i n g  tha t  the bow s h o c k  at  
the  p r o b e  e n t r a n c e  was  i n d e e d  s w a l l o w e d .  
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Since it is v i r t u a l l y  i m p o s s i b l e  to e l i m i n a t e  al l  i n t e r n a l  pa ths  for  
hea t  l o s s  in a p r o b e  of th i s  s i z e  in such  an e x t r e m e  e n v i r o n ; n e n t ,  th i s  
d e v i c e  i s  an i m p e r f e c t  c a l o r i m e t e r  and m u s t  be c a l i b r a t e d .  The  ca l i -  
b r a t i o n  p r o c e d u r e  c o n s i s t e d  of t e s t i n g  the  p robe  in the f lows f r o m  two 
o t h e r  n o z z l e s ,  o p e r a t i n g  at t h r e e  flow cond i t i ons  fo r  wh ich  the  to ta l  
e n t h a l p y  is wel l  known f r o m  o t h e r  m e a s u r e m e n t s .  The  p r o b e  m e a s u r e -  
m e n t s  w e r e  found to be "/. 8, 5 .3 ,  and 9.1 p e r c e n t  h i g h e r  than the ac tua l  
to ta l  en tha lpy  fo r  the  t h r e e  f low cond i t i ons .  The  c a l i b r a t i o n  c o r r e c t i o n  
f a c t o r  u s e d  fo r  the  n o n e q u i l i b r i u m  flow cond i t i on  was 7 .4  p e r c e n t ,  t h e  
a v e r a g e  of the t h r e e  d e v i a t i o n s .  Us ing  th i s  f a c t o r  to ad jus t  the p r o b e  
m e a s u r e m e n t ,  the  tota l  en tha lpy  of the  d i s s o c i a t e d  flow was found to be 
1130 B t u / l b m .  

If it is  f u r t h e r  a s s u m e d  that  a l l  of the to ta l  en tha lpy  t i ed  up in non-  
e q u i l i b r i u m  m o d e s  at the  n o z z l e  t h roa t  is  c a u s e d  by d i s s o c i a t i o n ,  i . e . ,  
v i b r a t i o n  is in e q u i l i b r i u m  a t  the n o z z l e  th roa t ,  t hen  the  c h e m i c a l  
e n e r g y  of d i s s o c i a t i o n  is c o m p u t e d  to be 393 B t u / l b m .  Since the  d i s -  
s o c i a t i o n  e n e r g y  fo r  n i t r o g e n  is 14, 270 B t u / l b m ,  the d i s s o c i a t i o n  f r a c -  
t ion,  ~, is found to be 0.02"/5. 

2.2.2 Nitric Oxide Titration 

In o r d e r  to obta in  an i n dependen t  m e a s u r e m e n t  of the  n i t r o g e n  a tom 
f r a c t i o n  in the  t e s t  s ec t ion ,  the n i t r i c  oxide  l ight  t i t r a t i o n  t e c h n i q u e  was 
used .  Th i s  t e chn ique ,  f i r s t  d e s c r i b e d  by S p e a l m a n  and R o d e b u s h  
(Ref. 17) and d i s c u s s e d  l a t e r  in m o r e  de t a i l  by K i s t i a k o w s k y  and Volpi  
(Ref. 18), i s  b a s e d  on the fact  that  the r e a c t i o n  

N + NO * N~ + 0 

i s  v e r y  fas t  c o m p a r e d  wi th  the r e a c t i o n  of n i t r o g e n  a t o m s  with any o t h e r  
p a r t i c l e s .  The  add i t ion  of n i t r i c  oxide  to a s t r e a m  c o n t a i n i n g  n i t r o g e n  
a t o m s  is a c c o m p a n i e d  by a p rono t inced  change  in the  e m i s s i o n  s p e c t r u m ,  
p r o d u c i n g  a change, of c o l o r s  f r o m  o r a n g e - y e l l o w  t h r o u g h  pink and 
p u r p l i s h - b l u e  to c o l o r l e s s  and t h e n  to w h i t i s h - g r e e n  as i n c r e a s i n g  a m o u n t s  
of n i t r i c  oxide  a r e  added  (Refs .  19 t h rough  22). The  t i t r a t i o n  end point ,  
o r  the  cond i t ion  at wh ich  al l  of the n i t r i c  ox ide  is  c o n s u m e d  by the n i t r o g e n  
a toms ,  is  ju s t  r e a c h e d  when  the e m i s s i o n  of l ight  d i s a p p e a r s .  The  t i t r a -  
t ion end  point  is v e r y  s h a r p l y  def ined ,  s i n c e  on ly  a s m a l l  i n c r e a s e  in the  
n i t r i c  oxide  f low r a t e  wi l l  r e s u l t  in the w h i t i s h - g r e e n  e m i s s i o n  of the 
r e a c t i o n  

NO + 0"N02 + hv 

which  o c c u r s  w h e n e v e r  n i t r i c  oxide  is added  in e x c e s s  of the s t o i c h i o m e t -  
r i c  amoun t  fo r  r e a c t i o n  with n i t r o g e n  a t o m s .  The  m o l e  f low ra t e  of 

,/ 
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n i t r o g e n  a t o m s  is d e t e r m i n e d  by m e a s u r i n g  the  n i t r i c  ox ide  flow r a t e  
at the  t i t r a t i o n  end  point,  s i n c e  the  r e a c t i o n  o c c u r s  in e q u i r n o l a r  p r o -  
p o r t i o n s .  D i s c u s s i o n s  of the  m e r i t s  of the  n i t r i c  oxide  t i t r a t i o n  
t e c h n i q u e  m a y  be  found in Refs .  23 and 24. 

The nitric oxide was injected into the test section through a stain- 
less steel, uncooled, 1/4-in. -diam probe positioned on the axis of 
symmetry. The upstream end of the probe was closed. Several holes 
were drilled in the probe at a position about 1/2 in. behind the tip to 
permit a uniform radial injection of the nitric oxide. 

It was  found that  the  e m i s s i o n  of l igh t  f r o m  the t ank  v o l u m e  s u r -  
r o u n d i n g  the  high s p e e d  p o r t i o n  of the  f low was  v e r y  s e n s i t i v e  to the 
n i t r i c  oxide  f low ra te ,  whi le  the  c o l o r s  p r o d u c e d  in the  h igh  s p e e d  f low 
of n i t r o g e n  v a r i e d  f r o m  poin t  to poin t  in the s t r e a m .  Th i s  c o l o r  v a r i a -  
t ion  undoub ted ly  r e s u l t e d  f r o m  the  poor  m i x i n g  o b t a i n e d  in the i m m e d i a t e  
v i c i n i t y  of the  i n j e c t i o n  p robe ,  c o m p l i c a t e d  by the  p o s s i b i l i t y  that  the 
c h e m i c a l  r e a c t i o n s  which  p r o d u c e  the  a f t e rg low,  e v e n  though v e r y  fas t ,  
w e r e  not c o m p l e t e d  n e a r  the  p robe .  The  e m i s s i o n  of l ight  in a l l  p a r t s  of 
the t ank  v o l u m e  ou t s ide  the high s p e e d  s t r e a m  i n d i c a t e d  that  a s i g n i f i c a n t  
quan t i ty  of n i t r o g e n  a t o m s  and n i t r i c  oxide  m o l e c u l e s  was  r e a c h i n g  th i s  
a r e a .  It has  b e e n  shown (Ref. 25) that  t h e r e  is  a r e v e r s e  f low a long  the  
wa l l s  of the  c o n v e r g e n t  d i f f u s e r  e n t r a n c e  s ec t i on .  Th i s  r e v e r s e  f low has  
b e e n  o b s e r v e d  by a t t a ch ing  tuf ts  to the  d i f f u s e r  wa l l s .  It was  a l so  p l a in ly  
v i s i b l e  d u r i n g  the  w h i t i s h - g r e e n  e m i s s i o n  c a u s e d  by e x c e s s i v e  n i t r i c  
oxide .  T h e r e f o r e ,  th i s  r e v e r s e  f low and m i x i n g  p h e n o m e n o n  is the  
m e c h a n i s m  by which  the  r e a c t i n g  s p e c i e s  r e a c h  the o u t e r  v o l u m e  of the  
tank.  

With no n i t r i c  oxide  i n j e c t i o n  into the  s t r e a m ,  the y e l l o w - o r a n g e  
L e w i s - R a y l e i g h  n i t r o g e n  a f t e r g l o w  was  c l e a r l y  v i s i b l e  when  the  r o o m  
l igh t s  w e r e  d a r k e n e d .  T h i s  e m i s s i o n ,  which  a c c o m p a n i e s  the h o m o -  
g e n e o u s  d e c a y  of n i t r o g e n  a t o m s  (Refs .  22 and 264 f i l l e d  the  e n t i r e  t ank  
s u r r o u n d i n g  the  t e s t  s ec t i on .  As a s m a l l  amoun t  of n i t r i c  oxide  was in-  

j e c t e d  into the  flow, the  e m i s s i o n  i n s i d e  the t ank  b e c a m e  d a r k e r  in c o l o r  
and l e s s  i n t e n s e  unti l ,  at a p a r t i c u l a r  n i t r i c  ox ide  f low ra te ,  the  v i s i b l e  
. e m i s s i o n  was c o m p l e t e l y  e x t i n g u i s h e d .  A v e r y  m i n u t e  i n c r e a s e  in the  
n i t r i c  ox ide  f low r a t e  r e s u l t e d  in a s e r i e s  of w h i t i s h - g r e e n  f l a s h e s  of 
l ight  wh ich  t r a v e r s e d  the  e n t i r e  v o l u m e  of the  t ank  in a r a n d o m  m a n n e r .  
A f u r t h e r  i n c r e a s e  in the  n i t r i c  oxide f low r a t e  c a u s e d t h e  e m i s s i o n  of 
the  r e l a t i v e l y  i n t e n s e  w h i t i s h - g r e e n  l igh t  c o n t i n u o u s l y  th roughou t  the 
e n t i r e  t ank  v o l u m e .  The  n i t r i c  ox ide  f low r a t e  was  m e a s u r e d  at the  con-  
d i t ion  w h e r e  the  l igh t  was  ex t i ngu i shed ,  ju s t  p r i o r  to the  a p p e a r a n c e  of 
the  whi te  f l a s h e s .  
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The  r e s u l t s  of the t i t r a t i o n  p r o c e d u r e ,  in t e r m s  of the  m e a s u r e d  
n i t r o g e n  a tom f r a c t i o n ,  a r e  p r e s e n t e d  in F ig .  3 f o r  v a r i o u s  p r o b e  p o s i -  
t i ons  in the  t e s t  s e c t i o n .  The  u p s t r e a m  t ip of the  p r o b e ,  l o c a t e d  on the 
f low c e n t e r l i n e ,  was  m o v e d  a x i a l l y  to s e v e r a l  s t a t i o n s  in the  t e s t  s e c -  
t ion  n e a r  the n o z z l e  exi t .  The  m e a s u r e d  n i t r o g e n  a t o m  f r a c t i o n  d e c r e a s e d  
as the  p r o b e  was  m o v e d  d o w n s t r e a m  f r o m  the n o z z l e  exi t .  Al though  th i s  
r e s u l t  is in the c o r r e c t  d i r e c t i o n  to a c c o u n t  f o r  a tom r e c o m b i n a t i o n  in the  
n o z z l e  flow, the b e t t e r  e x p l a n a t i o n  is found in the m i x i n g  p r o c e s s  down-  
s t r e a m  of the  p r o b e  and at the  d i f f u s e r .  S ince  the  t i t r a t i o n  end point  is  
d e t e r m i n e d  by o b s e r v i n g  the c o l o r  c h a n g e s  in the t ank  v o l u m e  ou t s ide  the  
p r i m a r y  f low r eg ion ,  the  t e c h n i q u e  wil l  be a c c u r a t e  on ly  if the n i t r i c  oxide  
and n i t r o g e n  a t o m s  and t h e i r  p r o d u c t s  of r e a c t i o n  a r e  we l l  m i x e d  at  the 
d i f f u s e r  e n t r a n c e  and a r e  t r a p p e d  in the r e v e r s e  f low at the d i f f u s e r  w a l l s  
in t h e p r o p e r  r e l a t i v e  p r o p o r t i o n .  By i n j e c t i n g  the  n i t r i c  oxide  at the t ank  
wa l l  i n s t e a d  of on the  f low c e n t e r l i n e ,  it was  found tha t  f a r  l e s s  t i t r a n t  gas  
was  r e q u i r e d  to r e a c h  the a p p a r e n t  t i t r a t i o n  point .  T h e r e f o r e ,  s i n c e  the  
o v e r w h e l m i n g  p e r c e n t a g e s  of n i t r o g e n  a t o m s  and t i t r a n t  gas  p a s s  t h r o u g h  
the  d i f f u s e r  wi thou t  be ing  r e c i r c u l a t e d ,  the r e s u l t s  of the  t e c h n i q u e  a r e  de-  
p e n d e n t  upon the e f f i c i e n c y  of the m i x i n g  p r o c e s s .  The  change  in the p r o b e  
l o c a t i o n  u n d o u b t e d l y  a f f ec t s  the  m i x i n g  p r o c e s s  and h e n c e  the  m e a s u r e d  
a tom f r a c t i o n s .  E v e n  though  the  t i t r a t i o n  t e c h n i q u e  m u s t  be c o n s i d e r e d  
on ly  s e m i - q u a n t i t a t i v e  in the  p r e s e n t  app l i c a t i on ,  i t s  r e s u l t s  w e r e  v e r y  u s e -  
ful in i n c r e a s i n g  c o n f i d e n c e  in the  a t o m  f r a c t i o n  m e a s u r e m e n t  o b t a i n e d  wi th  
the  c a l o r i m e t e r  p r o b e .  The  c a l o r i m e t e r  p r o b e  m e a s u r e m e n t  of 0. 0275 
f a l l s  a m a z i n g l y  c l o s e  to the  c e n t e r  of the band  of m e a s u r e m e n t s  shown in 
F ig .  3. 

2.2.3 Impact Pressure Survey 

The  i m p a c t  p r e s s u r e  p r o b e  is of m a j o r  i m p o r t a n c e  in f low c a l i b r a t i o n  
s i n c e  the  f low c o n d i t i o n s  can ,  in p r i n c i p l e ,  be c a l c u l a t e d  f r o m  the m e a s -  
u r e d  i m p a c t  and to ta l  p r e s s u r e s  if the c o r r e c t  t h e r m o - c h e m i c a l  f low m o d e l  
is known.  

In th i s  i n v e s t i g a t i o n  the  t e s t  s e c t i o n  f low p r o p e r t i e s  ( dens i t y ,  v e l o c i t y ,  
and Mach  n u m b e r )  w e r e  c a l c u l a t e d  f r o m  the  r e s u l t s  of an i m p a c t  p r e s s u r e  
s u r v e y  in the t e s t  s e c t i o n .  F o r  th i s  c a l c u l a t i o n  it was  a s s u m e d  tha t  the  
p r e v i o u s l y  m e a s u r e d  v a l u e  of the  d i s s o c i a t i o n  f r a c t i o n  (~ = 0. 0275) r e -  
m a i n e d  c o n s t a n t  t h r o u g h o u t  the  e n t i r e  nozz l e ,  wh i l e  the m o l e c u l a r  v i b r a t i o n  
m o d e  was  in e q u i l i b r i u m  u p s t r e a m  of the  t h r o a t  and f r o z e n  d o w n s t r e a m  of 
the t h r o a t .  Th i s  a s s u m p t i o n  is at  l e a s t  q u a l i t a t i v e l y  c o r r e c t  s i n c e  the  n u m -  
b e r  of c o l l i s i o n s  r e q u i r e d  f o r  a t o m  r e c o m b i n a t i o n  is  s e v e r a l  o r d e r s  of 
m a g n i t u d e  g r e a t e r  t han  the  n u m b e r  r e q u i r e d  f o r  v i b r a t i o n a l  r e l a x a t i o n .  

As a f u r t h e r  c h e c k  on the  v a l i d i t y  of the  a s s u m e d  t h e r m o - c h e m i c a l  
f low m o d e l ,  u s e  was  m a d e  of a so lu t i on  r e c e n t l y  d e v e l o p e d  by K i n s l o w  and 
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Mil l e r ,  c o l l e a g u e s  of the  w r i t e r .  Th i s  so lu t ion  (Ref.  27) app l i e s  the  
b a s i c  e q u a t i o n s  f o r  the  c o n s e r v a t i o n  of m a s s ,  m o m e n t u m ,  and  e n e r g y  
to the  o n e - d i m e n s i o n a l  ad i aba t i c  f low of an i n v i s c i d  d i a t o m i c  gas  with 
f in i te  v i b r a t i o n a l  r e l a x a t i o n  and d i s s o c i a t i o n  r e c o m b i n a t i o n  r a t e s .  
T o g e t h e r  with the  r a t e  equa t ion ,  t h e s e  equa t ions  a r e  s o l v e d  by an 
i t e r a t i o n  t e c h n i q u e  on a d ig i t a l  c o m p u t e r  f r o m  any in i t i a l  cond i t i on  fo r  
the  f low t h r o u g h  a h y p e r s o n i c  n o z z l e .  F o r  the  cond i t ions  m e a s u r e d  in 
the  t e s t  s e c t i o n  in  th i s  i n v e s t i g a t i o n  (h o = 1130 Btu Ibm, ~ = 0. 0275), 
it was  d e t e r m i n e d  that  the  d i s s o c i a t i o n  was i ndeed  f r o z e n  th roughou t  
the  nozz le ,  and tha t  m o l e c u l a r  v ib ra t ion ,  whi le  f r o z e n  d o w n s t r e a m  of 
the  n o z z l e  t h roa t ,  was  not too d i f f e r en t  f r o m  i t s  e q u i l i b r i u m  va lue  
u p s t r e a m  of the  t h r o a t .  T h e r e f o r e ,  the  a s s u m e d  f low m o d e l  was  v e r i f i e d  
to be s u b s t a n t i a l l y  c o r r e c t ,  va l i da t i ng  the  f low p r o p e r t y  c a l c u l a t i o n  p r o -  
c e d u r e  b a s e d  on the  m e a s u r e d  impac t  p r e s s u r e s .  

Some of the  i m p o r t a n t  f low p a r a m e t e r s  a r e  g i v e n  in  Tab le  I fo r  
s e v e r a l  l oca t i ons  a long  the  f low c e n t e r l i n e .  

2.3 BOUHDARY LAYER CONDITIOHS 

2.3.1 Re-Entry Simulation 

The d i s s o c i a t i o n  which  m a y  ex i s t  wi th in  the  b o u n d a r y  l a y e r  a r o u n d  
an ac tua l  r e - e n t r y  v e h i c l e  is g e n e r a t e d  by the  d e t a c h e d  shock  wave as 
it p a s s e s  t h r o u g h  the  a m b i e n t  a t m o s p h e r e .  If the  f low f i e ld  b e h i n d  the  
shock  wave  is in e q u i l i b r i u m ,  t h e n  the  h i g h e s t  p o s s i b l e  amoun t  of d i s -  
s o c i a t i o n  wi l l  have  b e e n  p r o d u c e d .  If the  b o u n d a r y  l a y e r  f low r e m a i n s  
in e q u i l i b r i u m ,  t h e n  the  c o m p u t a t i o n  of the  hea t  t r a n s f e r  f o r  th i s  c a s e  
is s t r a i g h t f o r w a r d  s i nce ,  fo r  the  c o l d - w a l l  cond i t ion  c o n s i d e r e d  h e r e ,  
the  e f f ec t s  of s u r f a c e  a t o m  r e c o m b i n a t i o n  a r e  absen t .  

The  m o r e  i n t e r e s t i n g  (and diff icul t)  s i t ua t i on  o c c u r s  when  the  flow 
f i e ld  b e h i n d  the  shock  wave is  not in e q u i l i b r i u m .  In t h i s  c a s e ,  the  s h o c k -  
induced  d i s s o c i a t i o n  wi l l  lag beh ind  the  e q u i l i b r i u m  va lue  up to the  o u t e r  
edge  of the  b o u n d a r y  l a y e r .  Then,  if the  b o u n d a r y  l a y e r  i t s e l f  is not in 
e q u i l i b r i u m ,  at s o m e  point  wi th in  the  b o u n d a r y  l a y e r  the  ac tua l  d i s s o c i a -  
t ion  f r a c t i o n  wi l l  r e a c h  a m a x i m u m  va lue  and  t h e n  d e c r e a s e  t o w a r d  the  
wal l .  The c o m p u t a t i o n  of the  hea t  t r a n s f e r  fo r  th i s  c a s e  is d i f f icul t  
b e c a u s e ,  in  add i t i on  to the  e f f ec t s  of wal l  r e c o m b i n a t i o n ,  the  quan t i ty  
of e n e r g y  d e p o s i t e d  in d i s s o c i a t i o n  is unknown.  

Exact duplication of the actual the rmo- chemical re-entry model in 
a wind tunnel is difficult to achieve. In addition to the difficulties associ- 
ated with obtaining the high temperatures necessary for shock-induced 
dissociation, the low densities required for a nonequilibrium boundary 
layer would result in a nonequilibrium nozzle expansion and a significant 
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a m o u n t  of f r e e - s t r e a m  d i s s o c i a t i o n .  F u r t h e r m o r e ,  the  d i f f i c u l t i e s  in 
e x p e r i m e n t a l l y  d e t e r m i n i n g  the a c t u a l  t h e r m o - c h e m i c a l  s t a t e  of the  gas  
n e a r  the  body a p p e a r  f o r m i d a b l e .  

The a l t e r n a t i v e  p r o c e d u r e  fo r  the  wind tunne l  s i m u l a t i o n  of r e - e n t r y  
i s  the  p r o d u c t i o n  of a n o n e q u i l i b r i u m  d i s s o c i a t e d  f r e e - s t r e a m  flow, as  
was  done in  the  p r e s e n t  work .  The  t o t a l  t e m p e r a t u r e  c o r r e s p o n d i n g  to 
the  t r a n s l a t i o n a l ,  r o t a t i o n a l ,  and v i b r a t i o n a l  d e g r e e s  of f r e e d o m  was  
about  1525 °K. O b v i o u s l y  t h e r e  could  be no a d d i t i o n a l  d i s s o c i a t i o n  p r o -  
duced t h r o u g h  the shock  r e g i o n  at  t h i s  t e m p e r a t u r e ,  but the  p o s s i b i l i t y  
of r e c o m b i n a t i o n  in t h i s  r e g i o n  m u s t  be e x a m i n e d .  

The ques t i on  of g a s - p h a s e  a t o m  r e c o m b i n a t i o n  in  the  s t a g n a t i o n  
r e g i o n  of b lunt  bod i e s  at low Reyno ld s  n u m b e r s  h a s  b e e n  c o n s i d e r e d  b y  
G o u l a r d  (Ref.  3), G r i e r  and  Sands  (Ref.  28), R o s n e r  (Ref.  29), Cheng  (30), 
and  B u c k m a s t e r  (Ref .  31). Cheng  a s s u m e d  a s i ng l e  d i s s o c i a t i o n -  
r e c o m b i n a t i o n  r e a c t i o n  of tne  type  N2 + M -~ N+ N+ M, w h e r e  M r e p r e s e n t s  
a t h i r d  body.  He then  c a l c u l a t e d  the  va lue  of the  d i s s o c i a t i o n  f r a c t i o n  
t h r o u g h  the shock  l a y e r  f o r  s e v e r a l  v a l u e s  of R e y n o l d s  n u m b e r .  At the  
l owes t  R eyno ld s  n u m b e r  c o n s i d e r e d ,  he found tha t  bo th  d i s s o c i a t i o n  and 
r e c o m b i n a t i o n  w e r e  n e g l i g i b l e  in  the  shock  l a y e r .  As  the  d e g r e e  of r a r e -  
f a c t i o n  d e c r e a s e d ,  the  ef fec t  of d i s s o c i a t i o n  in the  o u t e r  p o r t i o n  of the  
shock  l a y e r  b e c a m e  s i g n i f i c a n t  whi le  r e c o m b i n a t i o n  r e m a i n e d  n e g l i g i b l e .  
As  po in t ed  out by  B u c k m a s t e r ,  t h i s  is  p r i m a r i l y  b e c a u s e  r e c o m b i n a t i o n  
r e q u i r e s  t h r e e - b o d y  c o l l i s i o n s ,  which  o c c u r  l e s s  f r e q u e n t l y  t h a n  the  
d i s s o c i a t i o n  c o l l i s i o n .  At the  h i g h e s t  Reyno ld s  n u m b e r  c o n s i d e r e d  b y  
Cheng,  which  was  h i g h e r  t h a n  t h o s e  of the  p r e s e n t  i n v e s t i g a t i o n ,  t h e  
g a s - p h a s e  r e c o m b i n a t i o n  was  s t i l l  n e g l i g i b l e .  C o m p a r i s o n  of the  p r e s e n t  
f low cond i t i ons  wi th  the  n u m e r i c a l  r e s u l t s  of R o s n e r  (Ref.  29) f o r  a 
s i m i l a r  f low cond i t i on  r e s u l t s  in  the  s a m e  conc lu s ion ,  tha t  i s ,  n e g l i g i b l e  
r e c o m b i n a t i o n  in the  b o u n d a r y  l a y e r .  F u r t h e r m o r e ,  as  R o s n e r  po in t s  
out, if r e c o m b i n a t i o n  i s  not a p p r e c i a b l e  in the  b o u n d a r y  l a y e r  i t s e l f ,  
it wi l l  c e r t a i n l y  be n e g l i g i b l e  in the  e n t i r e  shock  l a y e r  r e g i o n .  

2.3.2 Second-Order EfFects 

In the  low d e n s i t y  r e g i m e  in which  the  p r e s e n t  e x p e r i m e n t s  w e r e  
conducted ,  the  u s u a l  f i r s t - o r d e r  b o u n d a r y  l a y e r  t h e o r y  m u s t  be mod i f i e d  
to c o n s i d e r  s e c o n d - o r d e r  e f f ec t s  s u c h  as  e x t e r n a l  v o r t i c i t y ,  d i s p l a c e -  
men t ,  c u r v a t u r e ,  s l ip ,  and t e m p e r a t u r e  jump .  A n u m b e r  of i n v e s t i g a t o r s  
~Refs.  32 t h r o u g h  45) have  c o n s i d e r e d  one o r  m o r e  of t h e s e  s e c o n d - o r d e r  
e f f ec t s  u s ing  v a r i o u s  t e c h n i q u e s .  Van Dyke (Ref.  46) has  p r e s e n t e d  a n  
e x c e l l e n t  r e v i e w  and c r i t i c a l  d i s c u s s i o n  of t h i s  sub j ec t .  It is  s u f f i c i e n t  
to s t a t e  tha t  the  a g r e e m e n t  b e t w e e n  the  s e v e r a l  t h e o r i e s  h a s  not a l w a y s  
b e e n  good. S i m i l a r l y ,  the a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and t h e o r y  i s  
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p o o r  in m a n y  i n s t a n c e s .  F u r t h e r m o r e ,  t h e r e  is  s o m e  d i s a g r e e m e n t  
b e t w e e n  e x p e r i m e n t s  p e r f o r m e d  at d i f f e r en t  l a b o r a t o r i e s .  

It i s  hoped  tha t  the  e x p e r i m e n t s  r e p o r t e d  h e r e  wil l  be w e l c o m e d  
not on ly  by t hose  whose  m a i n  i n t e r e s t s  l ie  in  the  c h e m i c a l - k i n e t i c  and  
s u r f a c e  e f f ec t s  of hea t  t r a n s f e r  but a l s o  by t h o s e  who a r e  c o n c e r n e d  
wi th  the  s e c o n d - o r d e r  e f f ec t s  in h y p e r s o n i c  b o u n d a r y  l a y e r s .  Indeed ,  
in m a n y  p h y s i c a l  s i t u a t i o n s  t h e s e  two c l a s s e s  of p r o b l e m s  wi l l  a p p e a r  
s i m u l t a n e o u s l y .  

SECTION III 
HEAT TRANSFER PROBES 

The to t a l  heat  t r a n s f e r  r a t e  to the  h e m i s p h e r i c a l  n o s e s  of w a t e r -  
coo led ,  c a l o r i m e t e r - t y p e  p r o b e s  was  m e a s u r e d .  This  type  p robe ,  
shown  in F ig .  4, m e a s u r e s  the  s t e a d y - s t a t e ,  l i n e a r  t e m p e r a t u r e  d rop  
a long  a c o n d u c t o r  of known t h e r m a l  conduc t i v i t y  and c r o s s - s e c t i o n a l  
a r e a .  The  s t e a d y - s t a t e  hea t  t r a n s f e r  r a t e  to the  h e m i s p h e r i c a l  n o s e  is 
t h e n  c a l c u l a t e d  u s ing  F o u r i e r ' s  law. Since the  c o n d u c t o r  wi th in  the  p r o b e  
is  s h i e l d e d  f r o m  the  e x t e r n a l  flow, the  hea t  l o s s e s  a r e  n e g l i g i b l e .  The 
p r o b e  is c a l i b r a t e d  by app ly ing  a known hea t  input,  and a c a l i b r a t i o n  
f a c t o r  of un i ty  is c o n s i s t e n t l y  ob t a ined  at the  a u t h o r ' s  l a b o r a t o r y  fo r  
t h i s  type  p r o b e .  

In o r d e r  to ob ta in  data o v e r  a w i d e r  r ange  of Reyno lds  n u m b e r s ,  
t h r e e  p r o b e s ,  wi th  n o s e  r a d i i  of 0 .25 ,  0 .50 ,  and 0 .75  i n . ,  w e r e  u s e d .  
The  h e m i s p h e r i c a l  n o s e  of each  p robe  was m a c h i n e d  f r o m  so l id  c o p p e r  
of h igh  p u r i t y .  Th i s  c o p p e r  s u r f a c e  was u s e d  as the  ca t a ly t i c  p robe ,  
wi th  no s u r f a c e  p r e p a r a t i o n  o t h e r  than  p o l i s h i n g  with f ine  e m e r y  p a p e r .  

The s a m e  t h r e e  p r o b e s  w e r e  u s e d  to ob ta in  t he  nonca t a ly t i c  wal l  
data .  Two n o n c a t a l y t i c  s u r f a c e s  w e r e  t e s t e d .  The  f i r s t  nonca t a ly t i c  
s u r f a c e  was  o r t h o - p h o s p h o r i c  a c i d  (H3PO4),  app l i ed  to the  c o p p e r  s u r -  
face  wi th  a b r u s h ,  and  a l l o w e d  to d ry  u n d e r  v a c u u m  cond i t i ons .  The 
s e c o n d  n o n c a t a l y t i c  s u r f a c e  was a l a y e r  of s i l i c o n  monox ide ,  e v a p o r a t e d  
onto the  c o p p e r  h e m i s p h e r e . .  The t h i c k n e s s  of th i s  coa t ing  was  e s t i m a t e d  
to be of the  o r d e r  of 2 x 104A n e a r  the  s t agna t i on  point ,  with the  t h i c k -  
n e s s  d e c r e a s i n g  wi th  d i s t a n c e  f r o m  the  s t agna t i on  point .  The  a d d i t i o n a l  
t h e r m a l  r e s i s t a n c e  r e s u l t i n g  f r o m  t h e s e  th in  c o a t i n g s  was  n e g l i g i b l e .  

The data for any single probe and surface were not all obtained 
consecutively, but the probe-surface combinations were tested in a 
somewhat random pattern. That is, each probe was coated and cleaned 
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n u m e r o u s  t i m e s  in the  data g a t h e r i n g  p r o c e s s .  The  data r e p e a t a b i l i t y .  
was  qui te  s a t i s f a c t o r y  fo r  the  c o p p e r  s u r f a c e .  F o r  the  nonca t a ly t i c  
s u r f a c e s ,  t h e r e  was s o m e  s c a t t e r  in the  data, which  can be  a t t r i b u t e d  
to the  inab i l i t y  to obta in  i d e n t i c a l  s u r f a c e  ca t a ly t i c  p r o p e r t i e s  wi th  
s u c c e s s i v e  p r e p a r a t i o n s  of the  s u r f a c e s .  

SECTION IV 
EXPERIMENTAL RESULTS 

4.1 TREATMENT OF DATA 

The m o s t  c o m m o n  m e t h o d  of p r e s e n t i n g  e x p e r i m e n t a l  hea t  t r a n s f e r  
data at low Reyno lds  n u m b e r s  is  to n o r m a l i z e  the  r e s u l t s  wi th  the  f i r s t -  
o r d e r  b o u n d a r y  l a y e r  t h e o r y  app l i cab l e  at h igh  Reyno lds  n u m b e r s ,  that  
is ,  to p r e s e n t  the  ra t io  q]ClBL. The c o r r e l a t i o n  equa t ion  of R o s n e r  
(Ref.  47) was  s e l e c t e d  fo r  the  c a l c u l a t i o n  of qBL: 

qo = 0.763 (P 'P 'Y" (~pepe) " (PO-O"Ah{1  + ~b[(Le) ° ' '  - 1 ]  Ah¢h'm"aazl  (1) \ p . , , /  Ah j 

w h e r e  the  m a g n i t u d e  of the  en tha lpy  d i f f e r e n c e  a c r o s s  the  b o u n d a r y  
l a y e r  is 

Ah = (ho - hf, w ) - (i  - 6)Ahchem, max (9.) 

This  equa t ion  is of a f o r m  s i m i l a r  to the c o r r e l a t i o n  equa t ions  of Fay  
and R idde l l  (Ref. 2) and Gou la rd  (Ref.  3) fo r  the  f r o z e n  b o u n d a r y  l a y e r ,  
whi le  d i f f e r i n g  f r o m  R o s n e r ' s  e a r l i e r  r e s u l t  (Ref.  4) only  by the  i n c l u s i o n  
of the  f a c t o r  a c c o u n t i n g  fo r  v a r i a b l e  p~. The  ex ten t  of r e c o m b i n a t i o n  4,  
de f ined  by  

= '=-, " , -  (3)  
~e 

has  b e e n  g e n e r a l i z e d  by R o s n e r  to inc lude  r e c o m b i n a t i o n  in the  gas  phase  
as  we l l  as  at the body s u r f a c e .  F o r  a c o m p l e t e l y  f r o z e n  b o u n d a r y  l aye r ,  

can  be  r e d u c e d  to the  s i m p l e  f o r m  

~ C4) 
~ = l+ S 

kw 

using the notation of Goulard (Ref. 3). The constant kw, known as the 
catalytic activity or surface catalytic reaction rate constant, is a prop- 
erty having the dimensions of velocity. The quantity S, which is a meas- 
ure of the diffusion velocity in the boundary layer, is given by 

s = o.763 ( po e) °''  ( s = )  - ° ' °  - '  p~ (5) 

The Prandtl, Schmidt, and Lewis numbers were taken as constants, 
since the uncertainty of their correct values is probably greater than 
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t h e i r  v a r i a t i o n  a c r o s s  the  b o u n d a r y  l a y e r .  The  P r a n d t l  n u m b e r  was  
t a k e n  as  0 .71 ,  a va lue  we l l  a c c e p t e d  in the  l i t e r a t u r e .  F o l l o w i n g  L e e s  
(Ref.  1), the  Schmid t  n u m b e r  was  t a k e n  to be 0 .49 .  The L e w i s  n u m b e r ,  
o r  the  r a t i o  of the  P r a n d t l  n u m b e r  to the  Schmid t  n u m b e r ,  was  t hen  c a l -  
c u l a t e d  to be 1 .45 .  T h i s  va lue  i s  in  a g r e e m e n t  wi th  the  work  of B r o k a w  
(Ref.  48). (Many  w r i t e r s  have  u s e d  the  va lue  1 .4  fo r  the  L e w i s  n u m b e r ,  
p o s s i b l y  b e c a u s e  of the  e x c e l l e n t  p u b l i c i t y  t h i s  n u m b e r  has  r e c e i v e d  
f r o m  o t h e r  s o u r c e s .  ) 

The  i n v i s c i d  v e l o c i t y  g r a d i e n t  at  the  nose  was  c a l c u l a t e d  u s i n g  the  
equa t ion  of P r o b s t e i n  (Ref .  49) fo r  mod i f i ed  Newton ian  flow: 

0 , S  

P o t t e r  and  B a i l e y  (Ref.  50) have  found tha t  the  mod i f i ed  Newton ian  p r e s -  
s u r e  d i s t r i b u t i o n  i s  a c c u r a t e ,  even  at t h e s e  low R e y n o l d s  n u m b e r s ,  in 
the  r e g i o n  0<8< 70 deg fo r  h i g h l y  cooled  h e m i s p h e r e s .  

S ince  Eq. (1) p r e d i c t s  on ly  the s t a g n a t i o n  point  hea t  f lux,  the  hea t  
t r a n s f e r  d i s t r i b u t i o n  a r o u n d  the h e m i s p h e r e  m u s t  be known in o r d e r  to 
p r e d i c t  the  t o t a l  hea t  t r a n s f e r  to the  h e m i s p h e r e  fo r  c o m p a r i s o n  wi th  the  
e x p e r i m e n t a l  r e s u l t s .  The  hea t  t r a n s f e r  d i s t r i b u t i o n  g iven  by L e e s  
(Ref .  1) was  u s e d  f o r  t h i s  c a l c u l a t i o n .  The  a s s u m p t i o n s  i m p l i c i t  wi th in  
L e e s '  d e r i v a t i o n  inc lude  a th in  b o u n d a r y  l a y e r  wi th  no s e c o n d - o r d e r  
e f f ec t s ,  cool  waU, P r a n d t l  and Lewi s  n u m b e r s  of uni ty ,  c o n s t a n t  p~,  
and c h e m i c a l  e q u i l i b r i u m  at e v e r y  point  in the  b o u n d a r y  l a y e r .  Obv ious ly ,  
s o m e  of t h e s e  a s s u m p t i o n s  a r e  i n a c c u r a t e  f o r  the  p r e s e n t  e x p e r i m e n t s ,  
and  the  r e s u l t i n g  e f f e c t s  on the  hea t  t r a n s f e r  d i s t r i b u t i o n  m u s t  be 
c o n s i d e r e d .  

Kemp,  Rose ,  and D e t r a  (Ref.  51), u s i n g  the  " l o c a l  s i m i l a r i t y "  con-  
cept  and an  e x t e n s i o n  of the  i d e a s  u s e d  by  F a y  and R idde l l  (Ref .  2), 
d e r i v e d  a n o t h e r  e x p r e s s i o n  f o r  the  r a t i o  of l oca l  hea t  t r a n s f e r  r a t e  to 
s t a g n a t i o n  point  r a t e .  T h e y  showed  tha t  the  ef fec t  of c o n s i d e r i n g  pp 
v a r i a b l e  was  p r a c t i c a l l y  equa l  and  oppos i t e  to the  e f fec t  of u s ing  0 .71  
i n s t e a d  of un i ty  f o r  the  P r a n d t l  n u m b e r .  T h e y  f u r t h e r  showed  tha t  the  
e f fec t  of n o n - u n i t y  L e w i s  n u m b e r  was  s m a l l  f o r  L e w i s  n u m b e r s  of the  
o r d e r  of 1 .4  and tha t  the  e f fec t  of a n o n e q u i l i b r i u m  b o u n d a r y  l a y e r  was  
s m a l l  p r o v i d e d  the  wa l l  was  fu l l y  c a t a l y t i c .  D o r r a n c e  (Ref.  52) has  shown 
tha t  the  r e s u l t s  of Kemp,  Rose ,  and D e t r a  a r e  equ iva l en t  to the  d i s t r i -  
bu t ion  of L e e s  m u l t i p l i e d  by  a f a c t o r  which  i s  a func t ion  only  of a p r e s -  
s u r e  g r a d i e n t  p a r a m e t e r .  It i s  f u r t h e r  shown tha t  fo r  m o s t  body  s h a p e s  
of p r a c t i c a l  i n t e r e s t  { inc luding h e m i s p h e r e s )  t h i s  f a c t o r  is  v e r y  n e a r  
un i ty .  The  shock  tube  data  of Kemp,  Rose ,  and D e t r a  a g r e e  e q u a l l y  wel l  
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with their own predictions and the distribution of Lees. In addition; Vidal 
and Wittliff (Ref. 53) and Hickman (Ref. 54) have presented data at low 
Reynolds numbers which are in good agreement with the distribution of 
Lees for hemispheres. Their results show that the heat transfer distri- 
bution is insensitive to Reynolds number for hypersonic flow. 

The above  c o n s i d e r a t i o n s  s t r o n g l y  s u p p o r t  the  u s e  of L e e s '  hea t  
t r a n s f e r  d i s t r i b u t i o n  in the  t r e a t m e n t  of the  p r e s e n t  da ta  f o r  a fu l ly  
c a t a l y t i c  s u r f a c e .  H o w e v e r ,  f o r  the  " n o n c a t a l y t i c "  s u r f a c e s ,  t h e r e  a r e  
no such  f i r m  g r o u n d s  a v a i l a b l e  to j u s t i fy  i ts  u s e .  N o n e t h e l e s s ,  it w i l l  be  
u s e d  f o r  t h e s e  s u r f a c e s  a l so ,  s i n c e  no b e t t e r  i n f o r m a t i o n  e x i s t s .  

4.2 SURFACE BEHAVIOR 

B e f o r e  the  e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d ,  it is  a p p r o p r i a t e  
to c o m m e n t  on the  a p p a r e n t  b e h a v i o r  of the  s u r f a c e s  when  e x p o s e d  to the  
t u n n e l  f low.  The  c h a n g e  of s u r f a c e  c a t a l y t i c  p r o p e r t i e s  wi th  t i m e  d u r i n g  
the  t e s t  r u n s  was  ev iden t  to s o m e  d e g r e e  in a l m o s t  a l l  c a s e s  and  was  
of p a r t i c u l a r  c o n c e r n  wi th  the  c o a t e d  s u r f a c e s .  

The t e s t  p r o c e d u r e  g e n e r a l l y  fo l l owed  was  to b e g i n  the  m e a s u r e -  
m e n t s  wi th  the  p r o b e  l o c a t e d  at  the  s t a t i o n  f a r t h e s t  d o w n s t r e a m  f r o m  the  
n o z z l e ,  w h e r e  the  h e a t i n g  r a t e  was  l e a s t .  A f t e r  t h i s  m e a s u r e m e n t  was  
ob t a ined ,  the  p r o b e  was  m o v e d  f r o m  s t a t i on  to s t a t i o n  t o w a r d  the  n o z z l e ,  
un t i l  the  f ina l  s t a t i o n  at  the  n o z z l e  exi t  p l a n e  was  r e a c h e d .  T h e n  t h i s  
t r a v e r s e  was  r e p e a t e d ,  u s u a l l y  in both  f o r w a r d  and  r e v e r s e  d i r e c t i o n s .  

The b a r e  c o p p e r  s u r f a c e  e x h i b i t e d  an  i n c r e a s e  of about  15 p e r c e n t  
in t o t a l  hea t  t r a n s f e r  at  the  i n i t i a l  s t a t i o n  a f t e r  one c o m p l e t e  t r a v e r s e  of 
the  t e s t  s e c t i o n .  The  t i m e  r e q u i r e d  f o r  a c o m p l e t e  t r a v e r s e  of the  t e s t  
s e c t i o n  was  a p p r o x i m a t e l y  t w e n t y  m i n u t e s .  A f t e r  t h i s  f i r s t  t r a v e r s e  of 
t he  t e s t  s e c t i o n ,  t h e r e  was  no o b s e r v a b l e  c h a n g e  in the  hea t  t r a n s f e r  r a t e  
at a p a r t i c u l a r  s t a t i o n  no m a t t e r  how m a n y  a d d i t i o n a l  t r a v e r s e s  w e r e  
m a d e .  

The  fac t  that  s o m e  c h a n g e  in the  p r o b e  s u r f a c e  had  o c c u r r e d  w a s  
ev iden t  f r o m  v i s u a l  i n s p e c t i o n s .  The  p r o b e ,  w h i c h  i n i t i a l l y  had  a s h i n y  
a p p e a r a n c e  f r o m  the  p o l i s h i n g  wi th  e m e r y  p a p e r ,  had  d i s t i n c t l y  c h a n g e d  
in a p p e a r a n c e  fo l l owing  a s e r i e s  of m e a s u r e m e n t s  in t h e  wind  t u n n e l .  
The  a l t e r e d  s u r f a c e  a p p e a r e d  d a r k  and  dul l  to  the  eye ,  and  it a p p e a r e d  
tha t  th i s  n e w  s u r f a c e  was  a c t u a l l y  a t h i n  depos i t  of s o m e  m a t e r i a l .  A 
s p e c t r o g r a p h i c  a n a l y s i s  of t h i s  depos i t  r e v e a l e d  the  c h a r a c t e r i s t i c  l i n e s  
of c o p p e r ,  p o s s i b l y  in an  oxide  f o r m .  
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The m o s t  p r o b a b l e  s o u r c e  of th i s  c o p p e r  depos i t  is the  c o p p e r  anode  
in the  a r c  h e a t e r .  B e c a u s e  of the  ac t ion  of the  a r c  co lumn ,  the  anode  
does  e r o d e  and m u s t  be  r e p l a c e d  p e r i o d i c a l l y ,  say,  once  o r  tw ice  a 
week .  Th i s  e r o s i o n  is so s low that  the  f low c o n t a m i n a t i o n  is  c o m p l e t e l y  
_ . :g l ig ib le  f o r  m o s t  a e r o d y n a m i c  m e a s u r e m e n t s .  On the  o t h e r  hand,  when  
the  m e a s u r e m e n t  is s e n s i t i v e  to m i n u t e  c h a n g e s  in the  p r o p e r t i e s  of the  
body s u r f a c e ,  as  in ca t a ly t i c  hea t  t r a n s f e r  m e a s u r e m e n t s ,  a th in  depos i t  
of c o p p e r  cou ld  s i g n i f i c a n t l y  a l t e r  the  m i c r o s c o p i c  s u r f a c e  s t r u c t u r e  of 
the  body as  s e e n  by the  gas  p a r t i c l e s  t h e m s e l v e s ,  t h e r e b y  a f f ec t ing  the  
c a t a l y t i c  p r o p e r t i e s  at the  wal l .  

It i s  c o n j e c t u r e d  tha t  in the  p r e s e n t  e x p e r i m e n t s  a v e r y  th in  l a y e r  
of c o p p e r  was  d e p o s i t e d  on the  p r o b e  s u r f a c e ,  l e av ing  the  s u r f a c e  r a t h e r  
p o r o u s  and " r o u g h "  on the  m i c r o s c o p i c  s c a l e  a s  c o m p a r e d  with the  o r i g -  
ina l  " s m o o t h "  s u r f a c e .  Th i s  " m i c r o s c o p i c a l l y  rough"  s u r f a c e ,  with i t s  
p e a k s  and c r e v i c e s ,  would  con ta in  a g r e a t e r  e f f ec t i ve  s u r f a c e  a r e a  and 
would  have  the  ab i l i t y  to " a d s o r b "  gas  p a r t i c l e s  fo r  l o n g e r  p e r i o d s  of 
t i m e ,  t h e r e b y  e n h a n c i n g  the  e f f ec t ive  ca t a ly t i c  p r o p e r t i e s  of the  s u r f a c e .  
Since c o p p e r  is  known to have  good ca t a ly t i c  s u r f a c e  p r o p e r t i e s ,  the  
p r o p e r t i e s  of t h i s  " r o u g h e n e d "  c o p p e r  s u r f a c e  shou ld  be e x c e l l e n t  f o r  
c a t a ly t i c  r e c o m b i n a t i o n  of a t o m s .  

The s u r f a c e s  c o a t e d  wi th  s i l i c o n  m o n o x i d e  and o r t h o - p h o s p h o r i c  
a c i d  e x h i b i t e d  the  s a m e  i n c r e a s e  in hea t  t r a n s f e r  r a t e  with t i m e  as  did 
the  b a r e  c o p p e r  s u r f a c e ,  excep t  that  the change  did not s top a f t e r  t he  
f i r s t  t r a v e r s e  of the  t e s t  s ec t i on ,  but con t i nued  wi th  each  t r a v e r s e  unt i l  
the  hea t  t r a n s f e r  r a t e s  to the  b a r e  c o p p e r  w e r e  a p p r o a c h e d .  This  d e g e n -  
e r a t i o n  of the  n o n c a t a l y t i c  s u r f a c e  was  a p p a r e n t l y  c a u s e d  by the  d e p o s i -  
t i on  of c o p p e r  r a t h e r  t h a n  the  e r o s i o n  of the  s u r f a c e  coa t ing ,  s i nce  the  
e l e c t r i c a l  i n s u l a t i n g  p r o p e r t y  of the  s i l i c o n  m o n o x i d e  was the  s a m e  b e f o r e  
and  a f t e r  e a c h  run.  

Since  it was  i n t e n d e d  fo r  the  b a r e  c o p p e r  p robe  to d e m o n s t r a t e  the  
e f f e c t s  of a h igh ly  c a t a l y t i c  s u r f a c e ,  t h o s e  m e a s u r e m e n t s  o b t a i n e d  du r ing  
t he  in i t i a l  t r a v e r s e  of the  t e s t  s e c t i o n  w e r e  d i s c a r d e d .  Only t h o s e  m e a s u r e -  
m e n t s  o b t a i n e d  a f t e r  the  hea t  t r a n s f e r  r a t e s  b e c a m e  s t ab le  a r e  i n c l u d e d  
in t h i s  r e p o r t .  L i k e w i s e ,  the  p u r p o s e  of the  coa t ed  p r o b e s  was  to p r o v i d e  
m e a s u r e m e n t s  f o r  a h igh ly  n o n c a t a l y t i c  s u r f a c e .  Hence ,  only  t h o s e  m e a s -  
u r e m e n t s  t a k e n  du r ing  the  f i r s t  t r a v e r s e  of the  t e s t  s e c t i o n  a r e  i n c l u d e d  
in t h i s  r e p o r t .  E v e n  t h e s e  f i r s t  m e a s u r e m e n t s  inc lude  s o m e  effec t  of the  
c h a n g i n g  s u r f a c e  p r o p e r t i e s  c a u s e d  by the  f o r m i n g  l a y e r  of coppe r .  The  
ex ten t  of th i s  e f fec t  wi l l  be  d i s c u s s e d  when the  data  a r e  p r e s e n t e d .  

The  o b s e r v e d  v a r i a t i o n  in the  ca t a ly t i c  p r o p e r t i e s  of t h e s e  s u r f a c e s  
is  not s u r p r i s i n g  in v iew of the  e x p e r i e n c e  r e p o r t e d  by o t h e r s .  In 

16 



A EDC-TR-65-127 

particular, Prok (Refs. 55 and 56) has found that surface catalytic prop- 
erties of metals and metallic oxides are strongly dependent on the type 
of surface preparation as well as the duration of exposure to atomic 
specie. He has also found that the thickness of an evaporated film and 
the  type  of s u b s t r a t e  w e r e  qui te  i m p o r t a n t  in  s u r f a c e  c a t a l y s i s .  Also ,  
M y e r s o n  (Ref .  57) r e p o r t e d  tha t  the  c a t a l y t i c  e f f i c i e n c y  of s i l v e r  to oxy-  
gen  a t o m  r e c o m b i n a t i o n  was  i n i t i a l l y  a d i r e c t  f unc t i on  of i t s  d u r a t i o n  of 
e x p o s u r e  to a t o m i c  oxygen  f l uxes .  H a r t u n i a n  and  T h o m p s o n  (Ref .  13) 
a l s o  found tha t  p r e - e x p o s u r e  of t h e i r  p r o b e s  to d i s s o c i a t e d  f low was  
n e c e s s a r y  to p r o d u c e  r e l i a b l e  da ta .  

4.3 EFFECT OF FINITE CATALYTICITY 

Al though  a n u m b e r  of i n d e p e n d e n t  i n v e s t i g a t o r s  have  r e p o r t e d  v a l u e s  
of s u r f a c e  c a t a l y t i c  p r o p e r t i e s  in the l i t e r a t u r e ,  R o s n e r  (Ref .  58) has  
c o r r e c t l y  c a u t i o n e d  a g a i n s t  the  u se  of t h e s e  r e c o m b i n a t i o n  c o e f f i c i e n t s  
f o r  the  c o m p o s i t e  c o n d i t i o n s  l i k e l y  to be me t  in a e r o d y n a m i c  p r a c t i c e .  
T h e r e f o r e ,  the  r e c o m b i n a t i o n  c o e f f i c i e n t s  f o r  the  s u r f a c e s  u s e d  in the  
p r e s e n t  i n v e s t i g a t i o n  w e r e  not known a p r i o r i ,  and,  i ndeed ,  a s i g n i f i -  
can t  p o r t i o n  of the  da ta  a n a l y s i s  c o n s i s t e d  of d e t e r m i n i n g  the  p r o p e r  
v a l u e s  to be  u s e d  in c o m p a r i n g  the  e x p e r i m e n t a l  r e s u l t s  wi th  t h e o r y .  

Thus  f a r ,  two p a r a m e t e r s  w h i c h  can  be  r e l a t e d  to wa l l  c a t a l y t i c  
p r o p e r t i e s  have  b e e n  i n t r o d u c e d .  T h e s e  a r e  the  ex ten t  of r e c o m b i n a t i o n ,  
0,  and  the  s u r f a c e  r e a c t i o n  r a t e  cons t an t ,  k w, r e l a t e d  by Eq.  (4). The  
l i m i t i n g  c a s e  of " c o m p l e t e "  r e c o m b i n a t i o n ,  4 = I, c o r r e s p o n d s  to an  
in f in i t e  va lue  of kw, whi le  the  c a s e  of z e r o  wa l l  r e c o m b i n a t i o n ,  $ = 0, 
c o r r e s p o n d s  to k w = 0. F o r  f in i t e  ( r e a l i s t i c )  v a l u e s  of k w, the  hea t  
t r a n s f e r  r a t e s  wi l l  fa l l  b e t w e e n  t h e s e  two l i m i t i n g  c a s e s .  In o r d e r  to 
show the  e f fec t  of f i n i t e  v a l u e s  of k w, c a l c u l a t i o n s  have  b e e n  m a d e  
u s i n g  E q s .  ( I )  t h r o u g h  (6[ wi th  the  p r e s e n t  f low p r o p e r t i e s  f o r  k w v a l u e s  
of 102 , 103 , 104 , and  I0 a c m / s e c .  The  r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  
c o m p a r e d  wi th  the  l i m i t i n g  c a s e  4 = 1 in F ig .  5. It i s  ev iden t  tha t  a s u r -  
f a ce  wi th  kw n e a r  102 c m / s e c  wou ld  b e h a v e  e s s e n t i a l l y  a s  a c o m p l e t e l y  
n o n c a t a l y t i c  s u r f a c e ,  w h e r e a s  a s u r f a c e  wi th  kw n e a r  105 c m / s e c  wou ld  
ac t  e s s e n t i a l l y  a s  a " fu l ly  c a t a l y t i c "  s u r f a c e .  Only f o r  v a l u e s  of k w 
b e t w e e n  t h e s e  l i m i t s  wou ld  the  e f f ec t s  of f in i t e  a t o m  r e c o m b i n a t i o n  be 
d e t e c t e d .  

A t h i r d  c a t a l y t i c  p a r a m e t e r  wh ich  is of i n t e r e s t  i s  the  r e c o m b i n a t i o n  
c o e f f i c i e n t ,  Yw, d e f i n e d  a s  t he  r a t i o  of the  a c t u a l  f r e q u e n c y  of s u r f a c e  
e n c o u n t e r s  l e a d i n g  to r e c o m b i n a t i o n  to  the  t o t a l  i n t e r f a c i a l  c o l l i s i o n  f r e -  
q u e n c y  f o r  a t o m s .  In o t h e r  w o r d s ,  Yw is  the  p r o b a b i l i t y  tha t  an  a t o m  
wi l l  r e c o m b i n e  upon s t r i k i n g  the  wa l l .  The  r e c o m b i n a t i o n  c o e f f i c i e n t  i s  
d i m e n s i o n l e s s  and  has  a m i c r o s c o p i c  i n t e r p r e t a t i o n ,  as  o p p o s e d  to the 
p h e n o m e n o l o g i c a l  i n t e r p r e t a t i o n  of the  s u r f a c e  r e a c t i o n  r a t e  c o n s t a n t ,  k w . 
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With the  a s s u m p t i o n  of a M a x w e l l i a n  v e l o c i t y  d i s t r i b u t i o n  f o r  the  
a t o m s  s t r i k i n g  the  s u r f a c e ,  the  r e l a t i o n  b e t w e e n  Yw and k w h a s  b e e n  
g i v e n  by G o u l a r d  (Ref .  3) and  R o s n e r  (Ref .  59) as  

k~ -- y~ ~ (7) 

Since  the  u p p e r  l i m i t  of Yw is  uni ty ,  t h e r e  wi l l  be a f in i te  u p p e r  l i m i t  to 
k w ,  a c c o r d i n g  to Eq.  (7), f o r  e a c h  wa l l  t e m p e r a t u r e .  T h e r e f o r e ,  the  
l i m i t i n g  c a s e  of " c o m p l e t e  r e c o m b i n a t i o n " ,  wi th  ~ = 1 and  k w in f in i te ,  
i s  not  r e a l i s t i c  in the  s t r i c t  s e n s e .  Th i s  can  be  s e e n  in F ig .  5, w h e r e  the  
hea t  t r a n s f e r  r a t e s  f o r  s e v e r a l  v a l u e s  of ~'w a r e  c o m p a r e d  wi th  the  c a s e  

= 1. The  e f fec t  of u s i n g  7w = 1 i n s t e a d  of ~ = 1 is  to r e d u c e  the  p r e d i c t e d  
hea t  t r a n s f e r  r e s u l t s  by  a f ew p e r c e n t .  In the  c o r r e l a t i o n  of e x p e r i m e n t a l  
m e a s u r e m e n t s ,  h o w e v e r ,  the  d i f f e r e n c e  b e t w e e n  the  c a s e s  ~ = 1 and  
Yw = 1 m a y  not be of g r e a t  s i g n i f i c a n c e  w h e n  the  u s u a l  p r e c i s i o n  of hea t  
t r a n s f e r  m e a s u r e m e n t s  is  c o n s i d e r e d .  

4.4 RESULTS FOR COPPER SURFACES 

The  m e a s u r e d  t o t a l  hea t  t r a n s f e r  r a t e s  to the  c o p p e r  s u r f a c e s  a r e  
c o m p a r e d  in F i g .  6 wi th  the  v a l u e s  c a l c u l a t e d  f r o m  Eq.  (1) and  L e e s '  
d i s t r i b u t i o n .  The c a l c u l a t i o n s  w e r e  m a d e  a s s u m i n g  " c o m p l e t e  r e c o m -  
b i n a t i o n "  at  the  s u r f a c e ,  tha t  is ,  ~ = 1. A l so  p r e s e n t e d  in the  f i g u r e  a r e  
t he  q/ClBL r a t i o s  p r e d i c t e d  by  the  s e c o n d - o r d e r  t h e o r i e s  of C h e n g ( R e f .  30) 
and  Van Dyke  (Ref .  41). The  l o c a t i o n  of the  c u r v e  r e p r e s e n t i n g  Van D y k e ' s  
t h e o r y  is  g e n e r a l l y  t y p i c a l  f o r  s e v e r a l  o t h e r  s e c o n d - o r d e r  b o u n d a r y  l a y e r  
t h e o r i e s .  The  t h e o r y  of C h e n g  is  un ique  in tha t  it p r e d i c t s  a h i g h e r  hea t  
t r a n s f e r  r a t e  t han  m o s t  o t h e r  t h e o r i e s ;  ye t  it a p p r o a c h e s  the  f r e e - m o l e c u l e  
l i m i t  a s  the  R e y n o l d s  n u m b e r  d e c r e a s e s .  

T h e r e  is  e x c e l l e n t  a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t a l  da ta  and  the  
t h e o r y  of C h e n g  u n d e r  the  s i m p l i f y i n g  a s s u m p t i o n  ~ = 1. The  i n d i c a t i o n  is 
tha t  the  b a r e  c o p p e r  s u r f a c e ,  when  e x p o s e d  to the  t u n n e l  f low long  enough  
f o r  the  t r a n s i e n t  s u r f a c e  e f f e c t s  to d i s a p p e a r ,  i s  an  e x t r e m e l y  e f f i c i en t  
c a t a l y s t  to n i t r o g e n  a t o m  r e c o m b i n a t i o n .  

S ince  it was  s t a t e d  in the  p r e v i o u s  s e c t i o n  tha t  the  m o r e  r e a l i s t i c  c a s e  
of fu l l  r e c o m b i n a t i o n  is  r e p r e s e n t e d  by  Yw = 1 i n s t e a d  of ~ = 1, t h e s e  
s a m e  e x p e r i m e n t a l  da ta  a r e  c o m p a r e d  wi th  the  t h e o r y  f o r  the  c a s e  Yw = 1 
in F ig .  7. U n d e r  t h i s  cond i t i on ,  the  c a l c u l a t e d  v a l u e s  of ~ r a n g e  b e t w e e n  
0 .861 ,  at  the  l o w e s t  R e y n o l d s  n u m b e r ,  and  0. 948 at  the  h i g h e s t  R e y n o l d s  
n u m b e r .  The  e f fec t  is  to i n c r e a s e  t he  v a l u e s  of Cl/ClBL s l igh t ly ,  s i n c e  
ClBL would  be  d e c r e a s e d  a c c o r d i n g  to F ig .  5. 
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The data  p r e s e n t e d  in F ig .  7 f o r  the  c a s e  7w = 1 f a l l  s l i g h t l y  on the  
h igh  s ide  of C h e n g ' s  c u r v e ,  but t h e y  a r e  in no l e s s  a g r e e m e n t  wi th  the  
t h e o r y  t han  a r e  the  da ta  of F ig .  6 f o r  ¢ = 1. It is  of i n t e r e s t  to note  tha t  
if k w w e r e  c a l c u l a t e d  f r o m  the  e x p r e s s i o n  g i v e n  by Cheng  (Ref .  30) 

2Yw (RTw ~ 
k .  -- 2 - r .  

(8) 

i n s t e a d  of u s ing  Eq.  (7}, then ,  wi th  7w = 1, the  da ta  would  fa l l  a p p r o x i -  
m a t e l y  h a l f - w a y  b e t w e e n  t h e i r  r e s p e c t i v e  l o c a t i o n s  on F i g s .  6 and 7, thus  
c o i n c i d i n g  wi th  C h e n g ' s  c u r v e .  

The e x p e r i m e n t a l  u n c e r t a i n t y  in  t h e s e  m e a s u r e m e n t s  is  e s t i m a t e d  
to be  about  ±5 p e r c e n t ,  m a i n l y  b e c a u s e  of the  p r o b a b l e  u n c e r t a i n t y  in the  
t o t a l  en tha lpy  m e a s u r e m e n t  and the  u s e  of L e e s '  d i s t r i b u t i o n .  The  
o b s e r v a b l e  e x p e r i m e n t a l  s c a t t e r  is  a l s o  of t h i s  s a m e  o r d e r .  It is  fe l t  
tha t  the  da ta  a s  p r e s e n t e d  in F ig .  7 r e p r e s e n t  the  b e s t  c o m p a r i s o n  wi th  
t h e o r y  s i n c e  th i s  f i g u r e  does  r e p r e s e n t  the  m o s t  r e a l i s t i c  c a t a l y t i c  s u r -  
f a c e  cond i t i on .  C e r t a i n l y  wi th in  the  l i m i t s  of e x p e r i m e n t a l  a c c u r a c y ,  the  
b a r e  c o p p e r  s u r f a c e  b e h a v e d  as  a fu l ly  c a t a l y t i c  s u r f a c e ,  wi th  7w = 1. 

4.5 RESULTS FOR COATED SURFACES 

The m e a s u r e d  hea t  t r a n s f e r  r a t e s  to the  s u r f a c e s  c o a t e d  wi th  s i l i c o n  
m o n o x i d e  and  o r t h o - p h o s p h o r i c  a c i d  a r e  p r e s e n t e d  in F ig .  8. T h e s e  
r e s u l t s  have  b e e n  n o r m a l i z e d  wi th  the  v a l u e s  p r e d i c t e d  by m u l t i p l y i n g  
t h e  r e s u l t s  of Eq .  (1), wi th  ¢ = 1, by the  v a l u e s  of c l /qBL o b t a i n e d  f r o m  
C h e n g ' s  s e c o n d - o r d e r  t h e o r y .  A l so  p r e s e n t e d  in the  f i g u r e  a r e  l i n e s  
r e p r e s e n t i n g  c o n s t a n t  v a l u e s  of k w and  7 w .  The r e s u l t s  f o r  t h e  b a r e  
c o p p e r  s u r f a c e s ,  if p r e s e n t e d  in t h i s  f i g u r e ,  would  l ie  b e t w e e n  the  top 
m a r g i n  of the f i g u r e  and  the  l ine  7w = 1 .0 .  

There is a marked reduction in heat transfer with the coated sur- 
faces, being as much as 30 to 40 percent at the lowest Reynolds numbers. 
The upward trend in these data with increasing Reynolds number, evident 
in Fig. 8, would be expected to follow the slope of lines representing con- 
stant values of 7w if there were no change in the surface catalytic prop- 
erties during the run. The amount by which the actual slope of the data 
from a particular traverse of the test section exceeds the slope of a 
typical line representing constant 7w, say 7w = 0.1, is a measure of 
the effect of the changing surface properties with increasing exposure 
time. From Fig. 8, this effect is responsible for about ten percent of 
increase in heat transfer, during one test section traverse, above the 
increase which would result from the condition of constant 7w. 
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T h e s e  r e s u l t s  c l e a r l y  i nd i ca t e  the  r e d u c t i o n  in  hea t  t r a n s f e r  which  
is  p o s s i b l e  in the f r o z e n  b o u n d a r y  l a y e r  r e g i m e  when a n o n c a t a l y t i c  s u r -  
face  i s  e m p l o y e d .  T y p i c a l l y ,  v a l u e s  of the  r e c o m b i n a t i o n  coe f f i c i en t  7w 
r a n g e  b e t w e e n  0 .01  and 0 .1 ,  c o m p a r e d  wi th  1 .0  f o r  the  c a t a l y t i c  s u r f a c e s .  
The  l a r g e  s c a t t e r  in the  data  r e s u l t s  f r o m  the  i n a b i l i t y  to ob ta in  r e p e a t -  
ab le  s u r f a c e  p r o p e r t i e s  e a c h  t i m e  a s u r f a c e  was p r e p a r e d .  

It i s  i n t e r e s t i n g  to note  tha t  the  i n i t i a l  m e a s u r e m e n t s  wi th  a f r e s h l y  
p o l i s h e d  c o p p e r  p robe ,  t a k e n  at the  lowes t  Reyno ld s  n u m b e r  b e f o r e  p r o -  
longed  t u n n e l  e x p o s u r e ,  w e r e  about  15 p e r c e n t  be low the  f i n a l  s t e a d y -  
s t a t e  v a l u e s ,  c o r r e s p o n d i n g  ( f r o m  F ig .  8) to a va lue  of 7w of r o u g h l y  0.6.  
T h i s  va lue  is  in good a g r e e m e n t  wi th  the  r e s u l t s  of A m m a n n  (Ref.  60) f o r  
n i t r o g e n  a t o m  r e c o m b i n a t i o n  on c o p p e r .  

4.6 COMPARISON WITH PREVIOUS MEASUREMENTS 

E x p e r i m e n t a l  da ta  fo r  l o c a l  s t a g n a t i o n  point  heat  t r a n s f e r  at  low 
R e y n o l d s  n u m b e r s  have  b e e n  r e p o r t e d  by  s e v e r a l  i n v e s t i g a t o r s  (Ref s .  53, 
54 and 61 t h r o u g h  66). As p r e v i o u s l y  s t a t ed ,  t h e r e  have  been  s o m e  d i s -  
c r e p a n c i e s  b e t w e e n  e x p e r i m e n t s  f r o m  d i f f e r en t  l a b o r a t o r i e s .  It i s  
hoped  tha t  the  p r e s e n t  r e s u l t s  wi l l  a id  in the  r e c o n c i l i a t i o n  of t h e s e  
d i s c r e p a n c i e s .  

F e r r i  and c o - w o r k e r s  (Ref .  62) have  p r e s e n t e d  e x p e r i m e n t a l  da ta  
f o r  the  v o r t i c i t y  i n t e r a c t i o n  r e g i m e  f o r  s t a g n a t i o n  t e m p e r a t u r e s  of 
1600 and  2300 °R. T h e s e  data ,  when  p r e s e n t e d  in the  f o r m  ~I/~tBL, 
show an  i n c r e a s i n g  v o r t i c i t y  ef fec t  fo r  i n c r e a s i n g  s t a g n a t i o n  t e m p e r a -  
t u r e .  T h e s e  da ta  a r e  in g e n e r a l  a g r e e m e n t  wi th  the  t h e o r y  of Ref.  62 
and  a l s o  wi th  the  t h e o r y  of Cheng,  wi th  bo th  e x p e r i m e n t  and t h e o r y  
d i s p l a y i n g  a v o r t i c i t y  e f fec t  at m u c h  h i g h e r  Reyno lds  n u m b e r s  t han  
p r e d i c t e d  by  o t h e r  s e c o n d - o r d e r  t h e o r i e s .  

O t h e r  m e a s u r e m e n t s  fo r  the  v o r t i c i t y  i n t e r a c t i o n  r e g i m e  have  b e e n  
r e p o r t e d  by  H i c k m a n  (Ref .  54). T h e s e  m e a s u r e m e n t s ,  ob ta ined  at  a 
s t a g n a t i o n  t e m p e r a t u r e  c o r r e s p o n d i n g  to r o o m  t e m p e r a t u r e ,  a r e  in 
r e a s o n a b l e  a g r e e m e n t  wi th  the  t h e o r y  of Van Dyke and,  t h e r e f o r e ,  i nd i -  
ca t e  a m u c h  s m a l l e r  v o r t i c i t y  e f fec t  t h a n  was  o b s e r v e d  by F e r r i  et a l .  
Even  though  the  da ta  of H i c k m a n  and  F e r r i  et a l .  do not a g r e e ,  t h e y  a r e  
c o n s i s t e n t  in  the  s e n s e  tha t  t h e y  show an i n c r e a s i n g  v o r t i c i t y  ef fec t  wi th  
i n c r e a s i n g  s t a g n a t i o n  t e m p e r a t u r e .  

As  the R e y n o l d s  n u m b e r  i s  f u r t h e r  d e c r e a s e d  be low t h o s e  c o r r e -  
spond ing  to the  v o r t i c i t y  i n t e r a c t i o n  r e g i m e ,  v i s c o u s  e f f e c t s  in t he  l a y e r  
b e t w e e n  the  s h o c k  and  the  body  b e c o m e  i m p o r t a n t .  F e r r i  and Z a k k a y  
(Ref .  63) have  a l s o  r e p o r t e d  e x p e r i m e n t a l  m e a s u r e m e n t s  in  t h i s  v i s c o u s  
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l a y e r  r e g i m e  fo r  a s t agna t i on  t e m p e r a t u r e  of 2100°R. T h e s e  r e s u l t s  a r e  
in a g r e e m e n t  wi th  the  e a r l i e r  data  of F e r r i  et  al .  and show a d e c r e a s e  in 
41/41BL in a c c o r d  wi th  the  p r e d i c t i o n  of Cheng.  

P o t t e r  and M i l l e r  (Ref.  66) have  a l s o  r e p o r t e d  m e a s u r e m e n t s  
ob ta ined  e a r l i e r  in  the  s a m e  wind t unne l  u s e d  in the  p r e s e n t  m e a s u r e -  
m e n t s .  T h e i r  m e a s u r e m e n t s  w e r e  a l so  ob ta ined  in  n i t r o g e n ,  but at a 
h i g h e r  s t a g n a t i o n  p r e s s u r e  so that  the  f low con t a ined  no d i s s o c i a t i o n .  
T h e s e  data a r e  in good a g r e e m e n t  with the  Cheng t h e o r y  p r e s e n t e d  in 
the  n o r m a l i z e d  f o r m  as  in F ig .  9. 

Shock tunne l  m e a s u r e m e n t s  at low R e y n o l d s  n u m b e r s  have  b e e n  
r e p o r t e d  by Vidal  and  Wit t l i f f  (Ref.  53). T h e r e  is  c o n s i d e r a b l e  s c a t t e r  
in t h e s e  m e a s u r e m e n t s  and t h e y  could  be u s e d  equa l l y  to suppor t  a l l  
t h e o r e t i c a l  p r e d i c t i o n s  in the  v o r t i c i t y  i n t e r a c t i o n  r e g i m e .  At the  l owes t  
R e y n o l d s  n u m b e r s ,  the  data a r e  in g e n e r a l  a g r e e m e n t  wi th  C h e n g ' s  
t h e o r y  when  the  en tha lpy  a s s o c i a t e d  with the  f r e e - s t r e a m  a t o m  c o n c e n -  
t r a t i o n  is n e g l e c t e d .  Al though  the  m o d e l s  u s e d  w e r e  p r e s u m e d  to have  
c o m p l e t e l y  nonca t a ly t i c  s u r f a c e s ,  s o m e  of the  o b s e r v e d  s c a t t e r  could  
be c a u s e d  by a v a r i a t i o n  in s u r f a c e  ca t a ly t i c  p r o p e r t i e s  s i m i l a r  to that  
o b s e r v e d  in  the  p r e s e n t  i n v e s t i g a t i o n .  

The data of F e r r i  et al .  (Refs .  62 and 63) and P o t t e r  and  M i l l e r  
(Ref.  66) a r e  r e p r o d u c e d  in F ig .  9. T h e s e  data  m a y  be c o m p a r e d  with 
the  p r e s e n t  r e s u l t s  g iven  in F ig .  7. A g r e e m e n t  b e t w e e n  the  data  in t h e s e  
two f i g u r e s  is r e l a t i v e l y  good.  

SECTION V 
CONCLUSIONS 

This report has presented the details and results of an experimental 
investigation of heat transfer in nonequilibrium dissociated hypersonic 
flow with surface catalysis and second-order boundary layer effects. 
This section is devoted to an enumeration of the significant observations 
made during the investigation and conclusions drawn from the investigation. 

Since a significant effort was devoted to calibration of the nozzle 
flow, two observations concerning the flow diagnosis will be made. First, 
the combination mass-flow and total-enthalpy probe, although not entirely 
free from error, provided a satisfactory means of determining locally 
the total enthalpy of the flow. Secondly, the nitric oxide titration tech- 
nique proved to be a useful method of determining the free-stream atom 
concentration, even in high speed flows. 
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The m a j o r  o b s e r v a t i o n s  and  c o n c l u s i o n s  f r o m  the  r e s u l t s  of the  
e x p e r i m e n t a l  hea t  t r a n s f e r  m e a s u r e m e n t s  a r e  s u m m a r i z e d  a s  fo l lows :  

. The  b a r e  c o p p e r  s u r f a c e s  exh ib i t  an  i n i t i a l  r e c o m b i n a t i o n  
c o e f f i c i e n t  of about  0 . 6 .  The s u r f a c e  r e c o m b i n a t i o n  i n c r e a s e s  
rapi<lly with  t i m e  unt i l  no f u r t h e r  t i m e - d e p e n d e n c e  is o b s e r v e d .  
At t h i s  s t e a d y - s t a t e  cond i t ion ,  s u r f a c e  r e c o m b i n a t i o n  is v i r t u -  
a l l y  c o m p l e t e ,  tha t  is ,  ~'w = 1. Th i s  t r a n s i e n t  e f fec t  is  a t t r i b u t e d  
to an e n h a n c i n g  of t he  m i c r o s c o p i c  s u r f a c e  c a t a l y t i c  p r o p e r t i e s  
owing  to the  f o r m a t i o n  of a f ine  depos i t  of c o p p e r  on the  p r o b e  
s u r f a c e .  

. The e x p e r i m e n t a l  r e s u l t s  f o r  c o p p e r  s u r f a c e s ,  n o r m a l i z e d  by 
the  v a l u e s  c o m p u t e d  f r o m  R o s n e r ' s  s t a g n a t i o n  point  hea t  t r a n s f e r  
e q u a t i o n  a s s u m i n g  ~/w = 1, a r e  in a g r e e m e n t  wi th  the  th in  shock  
t h e o r y  of Cheng .  Also ,  t h e y  a r e  in a g r e e m e n t  wi th  the  e x p e r i -  
m e n t a l  m e a s u r e m e n t s  of F e r r i  and  Zakkay .  

. A s i g n i f i c a n t  r e d u c t i o n  in hea t  t r a n s f e r  to a n o n c a t a l y t i c  s u r f a c e  
has  b e e n  d e m o n s t r a t e d .  The  c o a t e d  s u r f a c e s  u s e d  in th i s  i n v e s -  
t i g a t i o n  w e r e  h igh ly  s u s c e p t i b l e  to c a t a l y t i c  p r o p e r t y  c h a n g e s  
wi th  t i m e  of e x p o s u r e .  

. The use  of d i f f e r e n t i a l  c a t a l y t i c  p r o b e s  f o r  d e t e r m i n i n g  f r e e -  
s t r e a m  a t o m  c o n c e n t r a t i o n s  is c u r r e n t l y  u n d e r  s tudy  at s e v e r a l  
l a b o r a t o r i e s .  The t r a n s i e n t  s u r f a c e  e f f e c t s  o b s e r v e d  in th i s  
i n v e s t i g a t i o n  point  out a p o t e n t i a l l y  s e r i o u s  l i m i t a t i o n  in the  u se  
of such  p r o b e s  to m e a s u r e  a b s o l u t e  v a l u e s  of a t o m  c o n c e n t r a -  
t ion .  To o v e r c o m e  th i s  d i f f icu l ty ,  s u r f a c e s  m u s t  be  u s e d  w h i c h  
r e t a i n  known c a t a l y t i c  p r o p e r t i e s  o v e r  long e x p o s u r e  p e r i o d s .  

. The  r e s u l t s  of t h i s  i n v e s t i g a t i o n  have  by no m e a n s  e n d e d  the  
n e e d  fo r  a d d i t i o n a l  e x p e r i m e n t a l  s t udy  of hea t  t r a n s f e r  wi th  
s u r f a c e  a t o m  r e c o m b i n a t i o n  and  low d e n s i t y  e f f e c t s .  To  the  
w r i t e r ' s  k n o w l e d g e ,  t h i s  e f fo r t  r e p r e s e n t s  the  f i r s t  i n s t a n c e  
w h e r e  c o m b i n e d  s u r f a c e  a t o m  r e c o m b i n a t i o n  and  s e c o n d - o r d e r  
b o u n d a r y  l a y e r  e f f e c t s  have  b e e n  s t u d i e d  e x p e r i m e n t a l l y .  
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